1. Introduction {#sec1-ijms-17-01009}
===============

A very small population of pluripotent hematopoietic stem cells (HSCs) is at the apex of the hematopoietic developmental hierarchy and has the capacity to replenish all other blood-cell lineages for unlimited time periods \[[@B1-ijms-17-01009]\]. HSCs also have the ability to self-renew and to reconstitute hematopoiesis after transplantation. During differentiation, the progeny of HSCs develop through various intermediate maturational stages, including multi-potential and lineage-committed progenitor cells \[[@B2-ijms-17-01009]\]. These hematopoietic stem and progenitor cells (HSPCs) reside in protected stem cell (SC) niches in the bone marrow (BM), and are only rarely present in the peripheral blood under normal conditions. HSPCs can give rise to myeloid lineages, lymphoid lineages, or both. Myeloid lineages include monocytes, macrophages, neutrophils, basophils, eosinophils, erythrocytes, dendritic cells (DCs), mast cells, megakaryocytes, and platelets, whereas lymphoid lineages include T-cells, B-cells, natural killer T-cells (NKTs), and natural killer cells (NKCs).

The term "myelodysplastic syndromes" (MDS) encompasses a heterogeneous group of clonal disorders characterized by increased but ineffective dysplastic hematopoiesis, resulting in peripheral cytopenias \[[@B3-ijms-17-01009]\]. MDS are the most common hematologic malignancies and mostly affect the elderly \[[@B4-ijms-17-01009]\]. About 30%--45% of patients eventually progress to acute myeloid leukemia (AML). In real-life cohorts, approximately two-thirds of elderly patients with AML present with MDS-related changes \[[@B5-ijms-17-01009],[@B6-ijms-17-01009]\]. Despite intense research, the cell of origin in MDS and AML remains speculative. Both diseases are thought to originate from a hierarchy of neoplastic SC classes that differ in self-renewal capacity \[[@B7-ijms-17-01009]\] and arise from transformed normal HSCs or from hematopoietic progenitor cells that re-acquire self-renewal capacity during transformation and then act as neoplastic SCs (NSCs), also referred to as leukemic SCs (LSCs) in the context of leukemia, such as AML \[[@B8-ijms-17-01009]\]. In this article we will use the term "NSCs" to collectively refer to disease-initiating and -propagating primitive cells in MDS and AML. NSCs can be studied through their ability to engraft and establish MDS or AML in immunodeficient mice. Depending on the type of MDS or AML, NSCs are enriched in the CD34^+^CD38^−^ or CD34^+^CD38^+^ fraction of the clone, and give rise to additional NSCs as well as (more mature) blast cells that lack engraftment potential \[[@B9-ijms-17-01009],[@B10-ijms-17-01009]\].

Early-stage MDS is characterized by enhanced apoptosis, increased phagocytosis, and reduced differentiation of affected cells \[[@B11-ijms-17-01009]\], resulting in peripheral cytopenia(s) despite BM hypercellularity. Cytopenias can predispose these patients to potentially life-threatening complications such as bleeding or infections, which are the most common causes of death in MDS and AML \[[@B12-ijms-17-01009],[@B13-ijms-17-01009]\]. It currently remains unclear whether increased apoptosis results from a desperate immune reaction directed against MDS/AML-associated antigens or MDS/AML-specific neo-antigens \[[@B14-ijms-17-01009]\] expressed by the malignant clone, or whether apoptosis represents an integral part of the pathophysiology of MDS (summarized in \[[@B3-ijms-17-01009]\]). During disease progression to late-stage MDS and AML, a reversal of the above-mentioned phenomenon occurs, resulting in reduced programmed cell death (apoptosis) and impaired cell removal by phagocytosis. The latter occurs via up-regulation of the antophagocytic marker CD47 ("do not eat me signal") on myeloid progenitors, which has been identified as an important pro-oncogenic transition step leading from low-risk MDS to high-risk MDS and possibly to AML \[[@B11-ijms-17-01009]\]. In addition, the acquisition of genetic mutations during disease progression results in a block in differentiation and increased proliferative potential of clonal cells in late-stage MDS and AML. This results in expansion of the malignant clone and coincides with a transition from (initial partially active) immune surveillance to immune subversion, and ultimately immune escape \[[@B15-ijms-17-01009]\] of the dysplastic/leukemic clone. NSCs exert a plethora of immunomodulatory and immunosuppressive effects on various immunocompetent cells (summarized in \[[@B3-ijms-17-01009]\]). Vice versa, the immune system is considered to be involved in the regulation of growth and survival of NSCs (recently reviewed in \[[@B16-ijms-17-01009]\]).

MDS are not only characterized by peripheral cytopenias and the presence of clonal blast cells in the BM, but also by alterations in the BM microenvironment. In particular, the BM microenvironment is severely disturbed in MDS and AML and supposedly contributes to disease evolution and progression \[[@B17-ijms-17-01009],[@B18-ijms-17-01009],[@B19-ijms-17-01009],[@B20-ijms-17-01009],[@B21-ijms-17-01009],[@B22-ijms-17-01009],[@B23-ijms-17-01009],[@B24-ijms-17-01009],[@B25-ijms-17-01009],[@B26-ijms-17-01009],[@B27-ijms-17-01009],[@B28-ijms-17-01009],[@B29-ijms-17-01009],[@B30-ijms-17-01009]\]. Every stage of disease initiation, propagation, and progression from early-stage (low-risk) MDS to late-stage (high-risk) MDS and AML may be defined by specific events relevant to the communication between the dysplastic/leukemic clone and the pathologically altered microenvironment (reviewed, e.g., in \[[@B16-ijms-17-01009]\]). Indeed, relevant structural, epigenetic, quantitative, and functional alterations of BM stromal components are present in patients with hematologic malignancies, including MDS and AML \[[@B31-ijms-17-01009],[@B32-ijms-17-01009],[@B33-ijms-17-01009],[@B34-ijms-17-01009],[@B35-ijms-17-01009]\].

Various stromal cells are considered to form the supportive microenvironment of the BM, the so-called niche, in which HSPCs can grow and undergo differentiation and maturation \[[@B36-ijms-17-01009]\]. Stromal cells forming the SC niche in the BM include mesenchymal SCs (MSCs), adipocytes, osteoblasts, fibroblasts, endothelial cells (ECs), tissue macrophages, and osteoclasts. Many of these cells are derived from MSCs or from HSPCs. MSCs are adult, fibroblast-like multipotent cells essentially involved in maintaining the microenvironment and thus tissue homeostasis. Human mesenchymal stem and progenitor cells (MSPCs) can be derived from the BM, umbilical cord blood, placenta, or adipose tissue \[[@B37-ijms-17-01009]\]. In the BM, MSPCs are involved in structure formation and organization of the hematopoietic microenvironment \[[@B38-ijms-17-01009],[@B39-ijms-17-01009],[@B40-ijms-17-01009]\].

It is not our aim to reconcile all the open debates on the topics discussed below, as this is beyond the scope of this review. Rather, our aim is to walk the reader through the maze of literature on a central thread, with the goal of gaining a better understanding of MSCs, where they may come from, where they are localized, and what they do, with a specific focus on the known and assumed function and role of MSPCs and their progeny in the normal, dysplastic, and leukemic BM.

2. MSCs: Nomenclature {#sec2-ijms-17-01009}
=====================

The term "MSCs" encompasses a heterogeneous population of cells that covers several subsets of MSCs with different phenotypes and functions \[[@B41-ijms-17-01009],[@B42-ijms-17-01009]\]. MSPCs were traditionally isolated based on plastic adherence properties \[[@B43-ijms-17-01009]\]. While *bona fide* MSCs do exist, not all fibroblast-like plastic adherent cells meet generally accepted criteria of MCS, including SC activity. However, the acronym "MSCs" is widely used for both cell populations, which may be misleading \[[@B44-ijms-17-01009]\]. In order to be more accurate regarding nomenclature, the International Society for Cellular Therapy (ISCT) position statement encouraged the scientific community to use the term "mesenchymal SCs" only for cells that meet specified SC criteria, while those that do not should be termed "multipotent mesenchymal stromal cells" \[[@B45-ijms-17-01009]\]. In analogy to the terms "HSPCs" and "LSPCs", we will use the term "MSPCs" to refer to mesenchymal stem and progenitor cells in this article.

3. MSPCs: Phenotypic Characterization and "Plasticity" {#sec3-ijms-17-01009}
======================================================

Minimal criteria for the characterization of MSPCs have been defined by the "Mesenchymal and Tissue Stem Cell Committee" of the ISCT: MSPCs must be plastic-adherent in culture; must express *CD73*, *CD90*, and *CD105*; must lack expression of *CD11b*, *CD14*, *CD34*, *CD45*, *CD79α*, and human leukocyte antigen-D-related (*HLA*-*DR*) cell surface antigens; and must have the capacity to differentiate into osteoblasts, adipocytes, and chondroblasts in vitro \[[@B43-ijms-17-01009]\]. In addition, MSCs supposedly have the ability to differentiate into fibroblasts, adipocytes, chondroblasts, osteoblasts, and/or tissue macrophage-like cells \[[@B38-ijms-17-01009],[@B46-ijms-17-01009]\], and possibly also into ECs \[[@B47-ijms-17-01009]\]. Under certain culture conditions, MSCs may also transdifferentiate to tissues of neuro-ectodermal origin such as neurons or glial cells. However, differentiation pathways and lineages from MSPCs are not always strictly separable, since even apparently fully differentiated progeny cells from a given lineage retain the capacity to switch into another lineage (phenotypic "plasticity") and many intermediate cells with overlapping phenotypes and functions are observed \[[@B48-ijms-17-01009],[@B49-ijms-17-01009]\]. For example, it has been reported that some human stromal cells display the morphology of an adipocyte at one pole of the cell, and a vascular smooth muscle morphology at the other pole \[[@B50-ijms-17-01009]\]. MSPC plasticity is thought to be governed by epigenetic mechanisms and, very recently, methylation patterns have been used to assist the classification of MSPCs \[[@B51-ijms-17-01009]\].

Today we know that heterogeneous populations with different degrees of "stemness" and only some MSPC populations exhibit full SC function, including the capacity of long-term self-renewal. One key problem in the definition of MSCs is that due to a lack of specific markers, it is difficult to distinguish MSCs from other, more mature stromal cells such as fibroblasts, which, conversely, are abundant in mesenchymal tissue \[[@B52-ijms-17-01009]\]. Therefore, multiple markers have to be applied to detect and isolate MSCs \[[@B53-ijms-17-01009],[@B54-ijms-17-01009],[@B55-ijms-17-01009]\]. Self-renewing, multipotent populations of human BM-MSPCs may express *Stro1*, *3G5*, *CD51*, *CD146*, *CD271*, stage-specific embryonic antigen-4 (*SSEA*-*4*), platelet-derived growth factor-α (*PDGFRα*), SC factor (*SCF*), *Nestin*, and *TWIST* \[[@B43-ijms-17-01009],[@B56-ijms-17-01009],[@B57-ijms-17-01009],[@B58-ijms-17-01009],[@B59-ijms-17-01009]\]. Several of these markers may define distinct MSPC populations, and a certain phenotypic and functional overlap may also exist \[[@B60-ijms-17-01009]\].

Cell isolation procedures and cell culture conditions have been shown to influence the expression of MSPC surface markers, which likely explains the differences observed between laboratories. In this regard, down-regulation, up-regulation, and (neo)acquisition of cell surface markers on MSPCs have been discussed. Changes in the marker profile may also occur when MSPCs differentiate during in vitro culture \[[@B41-ijms-17-01009],[@B42-ijms-17-01009],[@B60-ijms-17-01009]\]. Moreover, phenotypic heterogeneity of MSPCs has been related to the different origins (tissues) and various procedures of isolation of these cells \[[@B61-ijms-17-01009]\]. In addition, some of the above-mentioned "stemness" markers may be differentially expressed on human fetal and adult BM-MSPCs \[[@B62-ijms-17-01009]\]. Despite the proposal provided by the ISCT \[[@B43-ijms-17-01009],[@B63-ijms-17-01009]\], these standards have not been widely adopted, and criteria for MSPC isolation and identification continue to vary, making cross-study comparison difficult \[[@B56-ijms-17-01009],[@B59-ijms-17-01009],[@B60-ijms-17-01009],[@B63-ijms-17-01009],[@B64-ijms-17-01009],[@B65-ijms-17-01009]\]. However, there is consensus regarding the necessity to precisely define the phenotypes of human MSPCs in order to guarantee harmonization of experimental protocols and comparable isolation procedures for MSPCs in various organ systems \[[@B64-ijms-17-01009]\].

Abnormal Phenotype of MSPCs in MDS and AML {#sec3dot1-ijms-17-01009}
------------------------------------------

In patients with MDS, MSPCs show decreased expression of certain cell surface molecules \[[@B66-ijms-17-01009]\], especially those involved in the interaction with HSPCs \[[@B33-ijms-17-01009]\], including the adhesion molecules CD44 and CD49e (α5-integrin), both of which are involved in directing primary human NSCs to MSPCs (in vitro) \[[@B67-ijms-17-01009]\]. Lack of CD44 and CD49e combined with the absence of HSPCs has been correlated with growth deficiencies of MDS-MSPCs, suggesting that an interaction between MSPCs and hematopoietic cells is necessary for healthy MSPC proliferation \[[@B68-ijms-17-01009]\]. CD44 binds the extracellular matrix proteins hyaluronan, osteopontin, and E-selectin, and mouse models have shown that CD44 is critical for directing AML cells to the leukemic niche \[[@B69-ijms-17-01009]\]. In addition, CD44 has been implicated in the repopulation capacity of human leukemic (stem) cells in murine xenograft models \[[@B69-ijms-17-01009]\], chemoresistance \[[@B70-ijms-17-01009]\], and disease relapse \[[@B71-ijms-17-01009]\]. Initial in vitro \[[@B67-ijms-17-01009]\] and in vivo \[[@B72-ijms-17-01009],[@B73-ijms-17-01009]\] data indicate that CD44 is of particular relevance in human AML. Therapeutic blocking of CD44 in AML cells has been evaluated in murine xenograft settings, with some promising initial results \[[@B69-ijms-17-01009]\]. However, in vitro co-culture experiments have shown that BM stromal cells find a way to protect NSCs from this type of targeted therapy \[[@B74-ijms-17-01009]\]. In addition, the LSC niche has been shown to be physically distinct and independent of the constraints that apply to normal HSCs \[[@B75-ijms-17-01009]\]. Thus, NSCs may no longer be absolutely dependent on the BM niche in advanced-stage AML, which likely explains why targeting of CD44 has not yet been successfully implemented in early-phase clinical trials in this disease. Several phase 1 clinical trials testing an antibody against CD44v6 (bivatuzumab mertansine) in solid tumor entities are underway, but no clinical trials are listed so far at clinicaltrials.gov in the indication of MDS or AML \[[@B76-ijms-17-01009]\], despite reported in vitro activity of targeting CD44v6 \[[@B77-ijms-17-01009]\].

Direct cell-to-cell contact between HSPCs and MSPCs is required for maintenance of "stemness", and focal adhesion proteins are known to be involved in cancer survival signal transduction. In this regard, signaling via focal adhesion proteins such as HSP90α/β has been implicated in HSPC-MSPC interactions in patients with advanced-stage MDS, providing MDS-MSPCs with a proliferative advantage while negatively impacting on clonogenicity of HSPCs \[[@B78-ijms-17-01009]\]. As such, HSP90α/β inhibition might be investigated as a potential therapeutic target in MDS.

Alterations in MSPC phenotype and function are more prominent in AML and late-stage (high-risk) MDS as compared to early-stage (low-risk) MDS \[[@B30-ijms-17-01009],[@B79-ijms-17-01009],[@B80-ijms-17-01009],[@B81-ijms-17-01009]\], suggesting a direct correlation between the degree of MSPC impairment and the disease severity.

4. MSPCs: Cell of Origin {#sec4-ijms-17-01009}
========================

The cell of origin for MSPCs currently remains unclear, and both a mesodermal origin as well as a neuro-ectodermal origin and even a dual origin have been suggested \[[@B49-ijms-17-01009]\]. It has been shown by several groups that human blood vessel-derived SC/precursor populations (i.e., myogenic ECs \[[@B82-ijms-17-01009]\], pericytes \[[@B39-ijms-17-01009],[@B83-ijms-17-01009]\], and adventitial cells \[[@B84-ijms-17-01009],[@B85-ijms-17-01009]\]) may give rise to *bona fide* MSPCs, suggesting that the vasculature serves as a systemic reservoir of MSPC-like cells \[[@B86-ijms-17-01009],[@B87-ijms-17-01009],[@B88-ijms-17-01009]\]. The three MSPC precursor subsets are located in the three structural regions of typical blood vessels: intima, media, and adventitia. They all display typical MSC markers and possess robust mesenchymal multipotency and differentiation capacity in culture, thus meeting the criteria of *bona fide* MSPCs (recently reviewed in \[[@B86-ijms-17-01009]\]). We have summarized current knowledge on the presumed ontogenetic origin of MSPCs in [Figure 1](#ijms-17-01009-f001){ref-type="fig"}.

4.1. Evidence for Mesodermal Origin of MSPCs {#sec4dot1-ijms-17-01009}
--------------------------------------------

As discussed above, MSPCs per definition must give rise to three mesodermal lineages in vitro, namely osteoblasts, chondrocytes, and adipocytes. Ontological evidence suggests that the lateral plate mesoderm (LPM) serves as a potential common source of these three cell types, suggesting that MSPCs may also be of mesodermal origin \[[@B89-ijms-17-01009]\]. In line with this hypothesis, the LPM and MSPCs co-express several marker genes such as α-smooth muscle actin (*αSMA*), *TWIST* or others. The LPM differentiates by undergoing endothelial-to-mesenchymal transition (EndoMT), thus generating a population of more differentiated but still immature mesenchymal cells, and MSPCs may develop depending on the tissue environment (reviewed by Sheng et al. \[[@B89-ijms-17-01009]\]).

The mesenchymangioblast was recently identified as the common embryonic precursor for both ECs and mesoderm-derived MSPCs \[[@B90-ijms-17-01009]\], and other data indicate that embryonic ECs can also give rise to MSPCs via transdifferentiation \[[@B47-ijms-17-01009]\]. The mesodermal origin of MSPCs is further supported by the observation that myoendothelial cells differentiate into myogenic, osteogenic, and chondrogenic cells in appropriate culture conditions, and thus behave similarly when compared to MSPCs \[[@B82-ijms-17-01009]\]. Additional insights into the origin of MSPCs from the mesoderm show EndoMT to be a critical step in MSPC formation \[[@B90-ijms-17-01009],[@B91-ijms-17-01009]\] ([Figure 1](#ijms-17-01009-f001){ref-type="fig"}A).

It has been established that ECs arise from mesodermal progenitors \[[@B92-ijms-17-01009]\]. Munoz-Chapuli et al. presented a new ontogenetic view on the origin of ECs that was compatible with several ontogenetic models, including the hemangioblast \[[@B93-ijms-17-01009],[@B94-ijms-17-01009],[@B95-ijms-17-01009],[@B96-ijms-17-01009]\], circulating endothelial precursors, and hemogenic endothelium \[[@B95-ijms-17-01009],[@B97-ijms-17-01009],[@B98-ijms-17-01009]\], as well as the bipotential vascular progenitor \[[@B99-ijms-17-01009]\]. According to this hypothesis, vertebrate endothelium originates from a layer of circulating specialized blood cells ("hemocytes" or "amoebocytes") that first became adherent, and later endothelial, with the transition between hemocytes and endothelium occurring via the acquisition of an endothelial phenotype \[[@B92-ijms-17-01009],[@B100-ijms-17-01009]\]. These proto-endothelial cells are thought to retain the ability to transiently shift between a quiescent, endothelial phenotype and a proliferative, migratory, and invasive phenotype, when stimulated by specific signals \[[@B92-ijms-17-01009]\] ([Figure 1](#ijms-17-01009-f001){ref-type="fig"}A).

Of interest, Gunsilius et al. found that chronic myeloid leukemia may arise from a bipotent hemangioblast present in adult humans \[[@B96-ijms-17-01009],[@B101-ijms-17-01009]\].

### 4.1.1. EndoMT as a Potential Source for MSPCs {#sec4dot1dot1-ijms-17-01009}

Recently, EndoMT has been recognized as a new type of cellular (trans)differentiation process capable of generating MSPCs \[[@B91-ijms-17-01009]\] (for review see, e.g., \[[@B102-ijms-17-01009]\]). It has also been described that EndoMT is a complex biological process in which resident ECs lose cell-cell junctions as well as their specific endothelial markers and acquire a mesenchymal or myofibroblast-like phenotype (e.g., αSMA, vimentin, and type I collagen). During this process, cells become motile and are capable of migrating into surrounding tissues. Similar to epithelial-to-mesenchymal transition (EMT), EndoMT can be induced by snail-mediated tumor growth factor β (TGFβ) signaling \[[@B103-ijms-17-01009]\]. EndoMT has been implicated in cancer progression \[[@B104-ijms-17-01009]\]. Therefore, both EMT and EndoMT give rise to cells that have a similar mesenchymal phenotype, and current evidence suggests that both utilize common signaling pathways.

Vascular ECs have been shown to convert to multipotent *Stro1*^+^ MSPCs in a TGFβ or bone morphogenic protein-4 (Bmp4)-dependent manner \[[@B105-ijms-17-01009]\]. Vice versa, MSPCs may also be able to differentiate into ECs \[[@B106-ijms-17-01009]\], but this remains controversial \[[@B107-ijms-17-01009]\] ([Figure 1](#ijms-17-01009-f001){ref-type="fig"}A).

#### (Circulating) Endothelial Cells in MDS and AML

EndoMT seems to be an important source of cancer-associated fibroblasts (CAFs), which are known to facilitate tumor progression in several ways (reviewed in \[[@B104-ijms-17-01009]\]). It was recently shown (for the first time in a hematologic neoplasm) in vitro and in mice that human chronic lymphocytic leukemia-derived exosomes are actively incorporated by MSPCs and ECs, and that this process induces proliferation, migration, and transition to CAFs, as well as angiogenesis \[[@B108-ijms-17-01009]\]. The authors concluded that CAFs exist in (certain types of) leukemia and contribute towards a tumor growth-promoting microenvironment in mice \[[@B108-ijms-17-01009]\]. EndoMT and CAFs have not yet been studied in MDS and AML.

However, it has been well documented that ECs help create a BM microenvironment that augments, protects, and maintains HSC-repopulating capacities in vivo \[[@B109-ijms-17-01009],[@B110-ijms-17-01009],[@B111-ijms-17-01009]\]. Tight spatial co-localization of ECs and perivascular cells \[[@B112-ijms-17-01009]\], as well as E-selectin secretion by ECs \[[@B113-ijms-17-01009]\], has been shown to be critical for maintenance of HSCs, and regulation of HSC proliferation and differentiation. Circulating progenitors of ECs (cPECs) have recently been shown to take part in postnatal angiogenesis \[[@B114-ijms-17-01009]\]. Under the stimulation of growth factors and cytokines, ECs can be mobilized from the BM and reach the sites of neovascularization as circulating ECs (cECs) in both physiological and pathological conditions \[[@B115-ijms-17-01009]\] such as hematologic malignancies \[[@B114-ijms-17-01009]\], including MDS \[[@B116-ijms-17-01009],[@B117-ijms-17-01009],[@B118-ijms-17-01009],[@B119-ijms-17-01009],[@B120-ijms-17-01009]\] and AML \[[@B121-ijms-17-01009],[@B122-ijms-17-01009],[@B123-ijms-17-01009],[@B124-ijms-17-01009]\], where these cells have also been reported to increase in number. In fact, in comparison to healthy controls, cPEC numbers are elevated in patients with low-risk MDS, which display a hypermethylated phenotype, and that exhibit a different gene expression profile. These alterations may result in down-regulation of members of the wingless-Int (*Wnt*) signaling pathway and failure to adequately sustain normal HSCs and normal hematopoiesis, which was particularly prominent with regards to myeloid and megakaryocytic differentiation \[[@B120-ijms-17-01009]\]. MDS-cPECs differed from their normal counterparts in healthy volunteers in both their genetic and epigenetic profiles (i.e., methylation patterns of genes), indicating that the observed endothelial progenitor dysfunctions may be primary in nature \[[@B120-ijms-17-01009]\].

In AML, cEC numbers were significantly higher in patients with rapidly proliferating disease (i.e., elevated white blood cell counts, serum lactate dehydrogenase levels, and circulating blasts) compared to AML patients with lower proliferation rates \[[@B123-ijms-17-01009]\]. Higher levels of cECs in primary human AML samples injected into *NOD/LtSz-scid/IL-2Rγ* null mice coincided with a significantly faster development of leukemia-related symptoms and blast counts in murine blood, BM, and spleen \[[@B121-ijms-17-01009]\]. Of interest, a significant proportion of cECs (20%--78%) in AML patients was shown to bear the same cytogenetic aberrations as the AML clone \[[@B122-ijms-17-01009]\]. Human AML cells themselves can also directly modulate (a) the expansion of ECs (in xenografted mice) \[[@B125-ijms-17-01009]\]; (b) the behavior of resting ECs (in vitro) through the induction of EC proliferation \[[@B126-ijms-17-01009]\]; and (c) the activation and up-regulation of the cell adhesion molecule E-selectin. The latter results in adhesion of a subset of AML cells, which are then sequestered in a quiescent state and become resistant to chemotherapy \[[@B127-ijms-17-01009],[@B128-ijms-17-01009]\]. These AML cells that have become adherent to ECs may later detach and again become proliferative and thus potentially play a role in minimal residual disease and disease relapse \[[@B127-ijms-17-01009]\].

As compared to their counterparts derived from healthy human controls, AML-derived human BM-ECs exhibit similar phenotype and function, but express distinct expression signatures of genes that are thought to be involved in leukemogenesis and NSC maintenance \[[@B129-ijms-17-01009]\]. ECs have also been shown to be capable of inducing chemotherapy resistance in AML cells in vitro, probably via EC-mediated secretion of vascular endothelial growth factor (VEGF) and PDGF \[[@B130-ijms-17-01009]\]. BM-ECs and cECs have thus been proposed as potential adverse prognostic markers and/or therapeutic targets in AML.

As a side note, immunohistochemical and FISH analyses of human B-cell lymphoma samples revealed that a median of 37% of ECs in the microvasculature harbored lymphoma-specific cytogenetic alterations, suggesting that ECs are in part tumor-related or tumor-derived \[[@B131-ijms-17-01009]\].

In addition, up to 56% of ECs generated in vitro from BM-derived progenitor cells of patients with chronic myeloid leukemia carried the disease-defining *BCR/ABL* fusion gene, indicating that certain types of human leukemia may originate from BM-derived hemangioblastic precursor cells \[[@B96-ijms-17-01009],[@B101-ijms-17-01009]\].

4.2. Neuro-Ectodermal Origin of MSPC-Like Cells {#sec4dot2-ijms-17-01009}
-----------------------------------------------

Until recently, adult MSPCs were considered to be of mesodermal origin \[[@B49-ijms-17-01009]\]. The neural crest is a temporary group of cells that arise from the embryonic ectoderm and give rise to diverse cell lineages, including craniofacial cartilage and bone, smooth muscle, peripheral end enteric neurons, glia, and melanocytes \[[@B132-ijms-17-01009]\].

### 4.2.1. Pericytes and Endoneural (Myo)fibroblasts as Potential Sources of MSPCs {#sec4dot2dot1-ijms-17-01009}

Pericytes \[[@B133-ijms-17-01009],[@B134-ijms-17-01009]\] were initially thought to be neural-crest derivatives. Pericytes express the pericyte marker NG2 and are contractile cells that wrap around ECs of capillaries and venules \[[@B135-ijms-17-01009]\] where they regulate capillary blood flow. Pericytes are also key components of the neurovascular unit, and as such help sustain the blood-brain barrier \[[@B136-ijms-17-01009],[@B137-ijms-17-01009],[@B138-ijms-17-01009]\]. They communicate with ECs through direct cell-to-cell contact as well as paracrine signaling, and thus stabilize ECs and mediate EC survival and maturation \[[@B139-ijms-17-01009]\]. In addition to their contractile function, pericytes also have phagocytic and immune functions, as well as multipotent ex vivo differentiation capabilities, and they have been termed a "ubiquitous source of adult tissue SCs" \[[@B140-ijms-17-01009],[@B141-ijms-17-01009]\]. As is the case with MSPCs, the markers used to define pericytes are neither specific nor stable in their expression, and there is no single molecular marker that can unequivocally distinguish pericytes from vascular smooth muscle cells or MSPCs \[[@B142-ijms-17-01009]\]. To identify pericytes, additional criteria such as location, morphology, and gene/protein expression pattern are required \[[@B142-ijms-17-01009]\].

Several laboratories proposed a neuro-ectodermal origin of MSPCs from pericytes \[[@B39-ijms-17-01009],[@B56-ijms-17-01009],[@B83-ijms-17-01009],[@B143-ijms-17-01009],[@B144-ijms-17-01009],[@B145-ijms-17-01009]\]. For example, CD146^+^ MSPCs/pericytes were able to establish the human hematopoietic microenvironment in a mouse model \[[@B40-ijms-17-01009]\], suggesting a key role of these cells in the SC niche. In humans, expression of *CD146* has been demonstrated to differentiate between perivascular versus endosteal localization of non-hematopoietic BM-MSPC populations, with CD146^+^CD271^+^ cells localizing in perivascular regions, whereas bone-lining MSPCs expressed *CD271* alone \[[@B146-ijms-17-01009]\]. Several years ago it was speculated that all MSPCs may be pericytes \[[@B147-ijms-17-01009]\]; however, this hypothesis seems unlikely, and the extent of functional and biological overlap between pericytes and MSPCs remains unclear at present (for review see \[[@B60-ijms-17-01009]\]) ([Figure 1](#ijms-17-01009-f001){ref-type="fig"}B).

(Myo)fibroblasts were typically considered to be of mesoderm origin \[[@B142-ijms-17-01009]\]. However, they may also display features of neuro-ectodermal cells, and several groups reported and discussed that MSPCs can also derive from neural crest-derived (endoneural) (myo)fibroblasts \[[@B52-ijms-17-01009],[@B56-ijms-17-01009],[@B83-ijms-17-01009],[@B144-ijms-17-01009],[@B148-ijms-17-01009],[@B149-ijms-17-01009]\] ([Figure 1](#ijms-17-01009-f001){ref-type="fig"}B).

### 4.2.2. Neural Phenotype Plasticity of MSPCs---Common Neural-Crest Origin with Sympathetic Neurons? {#sec4dot2dot2-ijms-17-01009}

Some populations of multipotent BM-derived human (and murine) MSPCs have distinct receptors that are thought to mark multipotent neural-crest SCs, and thus implicate a neuro-ectodermal origin, the most prominent being CD271 and Nestin.

CD271 (low-affinity nerve growth factor receptor) has been used as a single marker to isolate \[[@B150-ijms-17-01009]\] multipotent \[[@B151-ijms-17-01009]\] MSPCs from humans \[[@B58-ijms-17-01009],[@B152-ijms-17-01009],[@B153-ijms-17-01009]\]. Human CD271^+^ BM-MSPCs were shown to express chemokine (C-X-C motif) ligand 12 (*CXCL12*; in varying degrees) \[[@B154-ijms-17-01009],[@B155-ijms-17-01009]\], but it currently remains unclear whether CD271^+^CXCL12^+^ MSPCs are identical with the CXCL12-abundant reticular (CAR) cell population, or whether they represent a separate reservoir of CXCL12 within the BM, in addition to CAR cells.

Nestin is an intermediate filament protein expressed in neuro-epithelial neuronal precursor SCs, the expression of which decreases with neuronal maturation \[[@B156-ijms-17-01009]\]. However, it must be borne in mind that although Nestin is an important marker for a subset of BM-MSPCs that contribute to HSC maintenance, it is by no means specific for these cells; rather, Nestin^+^ cells are a heterogeneous cell population comprising MSPCs, neural crest-derived SCs (NCSCs) \[[@B157-ijms-17-01009],[@B158-ijms-17-01009]\], ECs \[[@B159-ijms-17-01009]\], endothelial precursor cells \[[@B160-ijms-17-01009]\], myofibroblasts \[[@B161-ijms-17-01009]\], and cancer cells \[[@B162-ijms-17-01009]\]. Nestin^+^ MSPCs were identified as essential components of the endosteal niche \[[@B39-ijms-17-01009]\], and later on, these Nestin^+^ MSPCs were shown to be NCSCs with specialized hematopoietic niche functions, such as secretion of CXCL12 \[[@B157-ijms-17-01009]\]. CXCL12 is the only known chemokine capable of directed migration of HSCs \[[@B163-ijms-17-01009]\], which migrate preferentially to *CXCL12*-expressing niches as was elegantly observed by dynamic in vivo imaging of human AML cells injected into mice \[[@B164-ijms-17-01009],[@B165-ijms-17-01009]\].

BM-derived Nestin^+^ cell populations turned out to be a mixed population of NCSCs, non-myelinating Schwann cell precursors and MSPCs, and both populations had the same ability to truly differentiate into Tuj1-positive cells, with Tuj1 being a neuron-specific marker, indicating that BM-MSPCs share a common origin with sympathetic peripheral neurons and glial cells \[[@B157-ijms-17-01009],[@B158-ijms-17-01009],[@B166-ijms-17-01009]\]. Furthermore, evidence is accumulating that adult human and murine BM-MSPCs are able to differentiate into neuron-like cells (e.g., expressing neuron-specific nuclear protein, neuron-specific enolase, and/or neurofilament-M) and astrocytic-like glial cells (e.g., expressing glial fibrillary acidic protein) under cell culture conditions \[[@B167-ijms-17-01009],[@B168-ijms-17-01009],[@B169-ijms-17-01009],[@B170-ijms-17-01009],[@B171-ijms-17-01009],[@B172-ijms-17-01009]\]. The expression of *Nestin* is lost during this differentiation process \[[@B168-ijms-17-01009]\].

Accumulating data from several groups support the concept that adult Nestin^+^ glial stem/progenitor cells may be the source for NCSCs. In this regard, Nestin^+^-myelinating Schwann cells could be reprogrammed to multipotent NCSCs, thereby gaining the capacity to differentiate into ectodermal, mesodermal, and endodermal cell types in vitro \[[@B173-ijms-17-01009],[@B174-ijms-17-01009]\]. In the presence of Bmp4, these NCSCs follow the mesenchymal differentiation pathway to generate pericyte progenitors and, consequently, MSPCs \[[@B174-ijms-17-01009]\]. The induction of pericytes/MSPCs from NCSCs in culture is thought to reflect the normal fate of NCSCs \[[@B142-ijms-17-01009]\]. During this process, NCSCs lose the neural-crest marker Sox10 and acquire pericyte/MSPC-like characteristics \[[@B174-ijms-17-01009]\], lending further support to the notion that MSPCs originate from perivascular pericytes, which themselves are thought to derive from the neural crest (e.g., \[[@B132-ijms-17-01009],[@B134-ijms-17-01009]\]).

Together these findings suggest that MSPCs may be able to break barriers of germ layer commitment and MSPC plasticity may need to be extended to lineages of neuro-ectodermal origin (e.g., neurons, astrocytes, oligodendrocytes) ([Figure 1](#ijms-17-01009-f001){ref-type="fig"}B). It is worth noting that this conversion can also be induced by epigenetic changes, and by intervention with hypomethylating agents \[[@B169-ijms-17-01009],[@B175-ijms-17-01009]\]. The intriguing role of NCSCs and nervous-system components in the development and regulation of hematopoietic niche homeostasis seems to have been underestimated, as has recently been reviewed by Coste et al. \[[@B176-ijms-17-01009]\], and will be discussed in the context of MDS and AML below.

However, whether the significant amount of (forced) plasticity observed in vitro also exists and is of physiological relevance in humans in vivo (prior to culture) requires further investigation.

#### MSPCs and Neuro-Epithelial Markers in MDS and AML

An intimate spatial relationship between HSPCs and CD271^+^ MSPCs has been described in human BM, with over 80% of the HSPCs being in direct contact with CD271^+^ MSPCs in normal BM, MDS BM, and AML BM \[[@B155-ijms-17-01009]\]. It is worth noting that an increase in CD271^+^ MSPCs in the BM in MDS and AML *versus* normal/reactive BM has been described, with the increase being more pronounced and statistically significant in low-risk MDS compared to high-risk MDS or AML. Perivascular areas, CD146^+^ endothelial areas, and CD163^+^ macrophage areas did not vary across diagnostic categories as compared to normal BM \[[@B155-ijms-17-01009]\]. In addition, this expanded CD271^+^ cell population in MDS showed more widespread expression of *CXCL12* \[[@B155-ijms-17-01009]\]. Others have independently shown that the density of CXCL12^+^ stromal cells that were in direct contact with HSPCs in the BM of patients with MDS or AML with myelodysplasia-related changes was significantly higher than in control BM \[[@B177-ijms-17-01009]\]. Furthermore, CXCL12^+^ cell density correlated negatively with apoptosis in HSPCs, and positively with both BM blast counts and disease progression \[[@B177-ijms-17-01009]\]. It is well established that CXCL12 is indispensable for HSPC homing \[[@B178-ijms-17-01009]\], and it has been shown that isolated HSPCs from MDS patients have impaired CXCL12-directed migratory capacity \[[@B179-ijms-17-01009],[@B180-ijms-17-01009]\]. In addition, endogenous *CXCL12* expression in AML supports autonomous growth of primary human AML cells \[[@B165-ijms-17-01009],[@B181-ijms-17-01009]\]. It has therefore been hypothesized that increased *CXCL12* expression by CD271^+^ MSPCs would attract dysplastic/leukemic blast cells and induce cluster formation and pro-survival signaling. This might explain the prognostically adverse phenomenon of an abnormal localization of immature precursor cells (ALIPs), which could be part of a defective feedback loop between neoplastic HSPCs and altered MSPCs in MDS \[[@B155-ijms-17-01009]\]. Co-culture experiments of normal MSPCs with leukemic blasts demonstrated that the leukemic clone reprogrammed normal MSPCs become AML-MSPCs, i.e., via up-regulation of crosstalk molecules CXCL12 and Jagged1 \[[@B182-ijms-17-01009]\]. These AML-educated MSPCs in turn provided a selective advantage to the leukemic clone, and at the same time suppressed normal primitive hematopoietic cells (lower repopulating capacity of normal HSCs and primitive progenitors) \[[@B182-ijms-17-01009]\]. AML-MSPCs further confer quiescence and chemotherapy resistance to leukemic SCs \[[@B182-ijms-17-01009],[@B183-ijms-17-01009]\]. The unfavorable prognostic significance provides a rationale for the targeting of CXCL12^+^ stromal cells and/or the chemokine (C-X-C motif) receptor 4 (CXCR4)/CXCL12 axis, which has shown promising results in mice \[[@B184-ijms-17-01009]\], and is currently being explored in clinical trials of MDS and AML \[[@B185-ijms-17-01009],[@B186-ijms-17-01009]\].

#### A Potential Role for Sympathetic Nerves in the BM

HSC adhesion and attraction to the SC niche was recently shown to underlie circadian oscillations of the sympathetic nervous system in animal models \[[@B187-ijms-17-01009],[@B188-ijms-17-01009]\] and in humans \[[@B189-ijms-17-01009]\] (reviewed in \[[@B190-ijms-17-01009]\]). Adrenergic signals are locally delivered to stromal cells bearing adrenergic receptors (ARs) by nerves surrounding arterioles in the BM, leading to down-regulation of *CXCL12* and cyclic release of HSCs. The β2 and β3 adrenergic receptors on BM stromal cells cooperate to regulate this process whereby *β2-AR* is expressed on osteoblasts and induces *CLOCK* gene expression, and *β3-AR* is expressed on BM-MSPCs in mice \[[@B191-ijms-17-01009]\] and rats and induces down-regulation of *CXCL12* \[[@B192-ijms-17-01009]\], as well as migration of HSCs away from perivascular units, and induces osteogenic differentiation \[[@B188-ijms-17-01009],[@B193-ijms-17-01009]\]. The *β3-AR* seems to be expressed on primitive MSPCs, such as Nestin^+^ pericytes/MSPCs \[[@B39-ijms-17-01009]\] and CAR cells \[[@B194-ijms-17-01009]\], both of which have been shown to be in immediate contact with nerve fibers and/or neuroglial BM cells, but it is lost during differentiation to osteoblasts \[[@B187-ijms-17-01009]\].

The autonomic nervous system is emerging as a "master regulator of hematopoiesis", and malfunction of this system has been implicated in impaired hematopoiesis (reviewed in \[[@B195-ijms-17-01009]\]). The clinical relevance of the involvement of sympathetic nerve fibers in hematologic diseases has recently been proposed \[[@B125-ijms-17-01009],[@B196-ijms-17-01009]\] and is schematically depicted in [Figure 2](#ijms-17-01009-f002){ref-type="fig"}. BM neuroglial damage coincided with reduced sympathetic nerve fibers in the BM and was shown to compromise function, survival, and number of MSPCs and to critically contribute to the pathogenesis of myeloproliferative neoplasms \[[@B196-ijms-17-01009]\]. By contrast, no studies have examined the possible impact of the autonomic nervous system in MDS. However, recently, adrenergic signals and sympathetic neuropathy have also been shown to promote leukemic BM infiltration in a murine AML xenograft model, in which primary human AML cells were transplanted into denervated and control *NOD*-scid *IL2Rγc^−/−^* mice \[[@B125-ijms-17-01009]\]. In this model, development of AML resulted in a significant reduction of arterioles innerved by catecholaminergic fibers compared to healthy controls, and those arterioles that remained innervated exhibited significant reductions in the density of surrounding nerve fibers \[[@B125-ijms-17-01009]\]. This AML-induced neuropathy was characterized by sympathetic denervation of BM arterioles and locally reduced sympathetic tone, and was shown to reinforce leukemia progression through transformation of the HSC niche. The latter was associated with (a) depletion of arteriole-associated pericytic NG2^+^ niche cells that maintain healthy HSCs; and (b) expansion of leukemia-supportive, more differentiated Nestin^+^Leptin-receptor^+^ mesenchymal progenitors \[[@B125-ijms-17-01009]\].

### 4.2.3. EMT as Potential Source of MSPCs {#sec4dot2dot3-ijms-17-01009}

Generation of MSPCs from the neural crest likely occurs via an EMT. EMT is an embryonic process that becomes latent in most normal adult tissues. However, it has been shown that induction of EMT can give rise to cells that have similar gene expression profiles, a similar multi-lineage differentiation capacity, and a similar ability to migrate towards tumor cells and wound sites when compared to MSPCs \[[@B197-ijms-17-01009]\]. Loss of E-cadherin is fundamental to EMT. Several EMT-inducing transcription factors can repress E-cadherin directly or indirectly (e.g., Snail, Slug, and TWIST), and EMT can be induced via several signaling pathways (e.g., TGFβ, Wnt/β-catenenin, and Notch). The EMT-inducer TWIST is required for mesenchymal differentiation from the neural crest, and has consequently been proposed as an indicator of the neuro-ectodermal origin of MSPCs; TWIST is not only a master transcriptional regulator for embryogenesis, cell lineage determination, and development of mesenchymal cell lineages, but can induce expression of markers of MSPC stemness such as *Stro1*, and plays an important role in MSPC self-renewal, maintenance, and differentiation. Furthermore, TWIST has been shown to play a key functional and developmental role in normal and malignant hematopoiesis. *TWIST* is highly expressed in murine and human HSCs and is involved in the regulation of HSC self-renewal and myeloid lineage development \[[@B198-ijms-17-01009],[@B199-ijms-17-01009]\]. TWIST is also thought to play a critical role in the generation of cancer SCs \[[@B200-ijms-17-01009],[@B201-ijms-17-01009]\].

#### TWIST in MDS and AML

In adult humans, *TWIST* is mainly expressed in hematopoietic precursor cells maintaining their undifferentiated state, with expression decreasing with differentiation \[[@B202-ijms-17-01009]\]. EMT, EMT-inducing transcription factors, and EMT-associated signaling pathways have been associated with cancer. For example, over-expression of *TWIST* has been associated with aggressive phenotypes, disease progression, poor prognosis, protection from chemotherapy and apoptosis, and EMT and metastasis formation in various solid tumors \[[@B203-ijms-17-01009]\]. The role of *TWIST* in human hematologic malignancies is less well studied \[[@B199-ijms-17-01009],[@B202-ijms-17-01009],[@B204-ijms-17-01009]\].

Recently, significant up-regulation of *TWIST* was shown in CD34^+^ hematopoietic (up-regulation) BM cells from patients with MDS \[[@B205-ijms-17-01009]\]. *TWIST* expression was modified by stroma contact and significantly correlated with advanced disease stage and control of p53-mediated apoptosis in CD34^+^ cells derived from MDS BM, but not in CD34^+^ cells from healthy subjects \[[@B205-ijms-17-01009],[@B206-ijms-17-01009]\]. TWIST has also been shown to function as a tumor suppressor in AML via direct regulation and activation of the tumor-suppressor gene *p21*. Similar to observations made in other leukemias \[[@B207-ijms-17-01009],[@B208-ijms-17-01009]\], this pathway was epigenetically silenced by hypermethylation in 31% of adult AML patients, which provided leukemic cells with a proliferation and survival advantage \[[@B209-ijms-17-01009]\]. Other studies have demonstrated an over-expression of *TWIST* in BM mononuclear cells of patients with AML \[[@B210-ijms-17-01009],[@B211-ijms-17-01009]\], and this correlated with a more aggressive clinical phenotype \[[@B210-ijms-17-01009]\], and shorter overall and event-free survival in multivariate analysis \[[@B211-ijms-17-01009]\], thus identifying *TWIST* as a novel candidate gene contributing to leukemogenesis.

The above data provide evidence for a role of *TWIST* in the pathophysiology of clonal myeloid diseases, including MDS and AML, and provide a rationale for targeting *TWIST* or components of the signaling pathway in the future \[[@B202-ijms-17-01009],[@B205-ijms-17-01009],[@B209-ijms-17-01009],[@B211-ijms-17-01009],[@B212-ijms-17-01009]\]. In this regard, in vitro re-expression of *TWIST* occurred after treatment with hypomethylating agents \[[@B207-ijms-17-01009]\], which have emerged as the gold standard of treatment for elderly MDS and AML patients. In addition, pathways related to EMT-like processes have also been implicated in hematological malignancies, and can identify specific AML subtypes \[[@B213-ijms-17-01009]\].

4.3. MSPCs: Evidence for Multiple Developmental Origins {#sec4dot3-ijms-17-01009}
-------------------------------------------------------

Today MSPCs (and pericytes) are considered to develop from multiple distinct developmental origins and progenitor cells \[[@B83-ijms-17-01009],[@B89-ijms-17-01009],[@B142-ijms-17-01009],[@B196-ijms-17-01009]\]. While pericytes and (myo)fibroblasts were initially thought to be mesoderm derivatives, it is now clear that they have several different developmental origins, including the mesoderm and the neural crest (reviewed in \[[@B142-ijms-17-01009]\]). Embryonic sources of pericytes include neuro-ectoderm-derived neural crest cells that are thought to give rise to pericytes in the brain and central nervous system ([Figure 1](#ijms-17-01009-f001){ref-type="fig"}B), whereas pericytes in other organs have been postulated to originate from the mesoderm-derived MSPCs ([Figure 1](#ijms-17-01009-f001){ref-type="fig"}A). Postnatal sources of pericytes include mesoderm-derived circulating BM-MSPCs, transdifferentiated ECs, CD146^+^ EPCs, mesothelial cells that have undergone EMT, or as yet undetermined "other sources" \[[@B47-ijms-17-01009],[@B138-ijms-17-01009],[@B142-ijms-17-01009],[@B214-ijms-17-01009],[@B215-ijms-17-01009]\] (reviewed by Hill et al. \[[@B136-ijms-17-01009]\]). Similarly, the source of (myo)fibroblasts remains controversial, and they have been reported to develop from epithelial cells via EMT, from ECs via EndoMT, from BM-MSPCs, from peripheral blood pluripotent circulating progenitor cells, and from pericytes (recently reviewed in \[[@B216-ijms-17-01009],[@B217-ijms-17-01009]\]).

Although most of the cells derived from MSCs are mesodermal cells, some of them seem to belong to the neural crest that is of ectoderm origin \[[@B89-ijms-17-01009]\]. In fact, multi-potential stemness of MSCs with differentiation potentials for all MSC-related cell lineages (bone, muscle, tendon, fat, and marrow stroma) has not yet been satisfactorily demonstrated in humans in vivo (even though this is a definition criterion of MSCs).

This hypothesis was recently underscored by the observation in mice that slowly proliferating neural crest-derived MSPCs (Nestin^+^PDGFRα) share a common origin with sympathetic peripheral neurons and glial cells, differentiate into SC niche-forming MSPCs, and conserve MSPC activity throughout life, whereas mesoderm-derived Nestin-MSPCs participate in fetal skeletogenesis and lose MSPC activity soon after birth.

Summarizing the above, an evolving concept, similar to that of HSCs, is to view MSPCs as a heterogeneous mixture of subpopulations, which may derive from differing developmental origins, each harboring a unique set of multipotency \[[@B89-ijms-17-01009]\].

5. BM Microenvironment and Stem Cell Niche Concepts {#sec5-ijms-17-01009}
===================================================

The BM microenvironment is formed by various cellular components and a plethora of soluble factors that these cells produce. Cellular components of the BM microenvironment include stromal cells and accessory cells ([Table 1](#ijms-17-01009-t001){ref-type="table"}) \[[@B31-ijms-17-01009],[@B218-ijms-17-01009],[@B219-ijms-17-01009],[@B220-ijms-17-01009],[@B221-ijms-17-01009],[@B222-ijms-17-01009],[@B223-ijms-17-01009],[@B224-ijms-17-01009],[@B225-ijms-17-01009],[@B226-ijms-17-01009],[@B227-ijms-17-01009],[@B228-ijms-17-01009],[@B229-ijms-17-01009],[@B230-ijms-17-01009],[@B231-ijms-17-01009],[@B232-ijms-17-01009],[@B233-ijms-17-01009],[@B234-ijms-17-01009],[@B235-ijms-17-01009],[@B236-ijms-17-01009],[@B237-ijms-17-01009]\]. Stromal cells include MSPCs, fibroblasts, sinusoidal ECs \[[@B218-ijms-17-01009],[@B227-ijms-17-01009],[@B228-ijms-17-01009]\], adipocytes \[[@B233-ijms-17-01009]\], osteoclasts, and BM macrophages \[[@B221-ijms-17-01009],[@B222-ijms-17-01009],[@B223-ijms-17-01009],[@B224-ijms-17-01009],[@B234-ijms-17-01009]\]. Accessory cells comprise myeloid regulatory cells (circulating macrophages, DCs, and myeloid-derived suppressor cells) and lymphoid regulatory cells (T-regulatory cells (Tregs) \[[@B225-ijms-17-01009]\], NKCs, and B-cells) ([Table 1](#ijms-17-01009-t001){ref-type="table"}, left column).

HSCs reside in a highly complex and dynamic microenvironment \[[@B31-ijms-17-01009]\], which is referred to as the SC niche, a concept that was already proposed as early as 1978 \[[@B238-ijms-17-01009]\]. The SC niche is thought to be a hierarchically organized regulatory unit consisting of several stromal constituents that maintains and directs HSC self-renewal and differentiation \[[@B60-ijms-17-01009]\].

According to the SC niche concept, cellular components of the BM microenvironment can also be grouped according to their involvement in the SC niche into "niche cells" and "niche accessory cells" (reviewed in \[[@B60-ijms-17-01009]\]) ([Table 1](#ijms-17-01009-t001){ref-type="table"}, right column). HSCs are tethered to cellular niche constituents by cellular adhesion molecules and their receptors (e.g., vascular cell adhesion molecule/very late antigen-4 (VLA-4), intracellular adhesion molecule/lymphocyte function-associated antigen-1 (LFA-1), E-selectin/CD44, CXCL12/CXCR4) \[[@B239-ijms-17-01009]\].

The heterogeneity of stromal cells that comprise the SC niche and the complexity of the signals they generate have been extensively reviewed by others \[[@B31-ijms-17-01009],[@B244-ijms-17-01009],[@B245-ijms-17-01009]\]; HSCs may occupy multiple niches in diverse tissues such as the BM and spleen \[[@B227-ijms-17-01009]\]. Within the BM microenvironment a minority of HSCs are in close contact with, and are supported by, a population of bone surface-lining osteoblasts called spindle-shaped N-cadherin^+^ osteoblastic (SNO) cells \[[@B242-ijms-17-01009]\], giving rise to the concept of "**endosteal niches**" ([Figure 2](#ijms-17-01009-f002){ref-type="fig"}A). The endosteal niche has also been termed "**osteoblastic niche**" \[[@B246-ijms-17-01009],[@B247-ijms-17-01009]\] or, more recently, "**osteo-hematopoietic niche**" \[[@B18-ijms-17-01009]\], and is thought to promote HSC quiescence. The majority of HSCs, however, seem to be associated with sinusoidal endothelium in the BM, giving rise to the concept of "**vascular sinusoidal niches**", sometimes also termed "**sinusoidal reticular niches**" ([Figure 2](#ijms-17-01009-f002){ref-type="fig"}B) \[[@B227-ijms-17-01009],[@B240-ijms-17-01009],[@B242-ijms-17-01009],[@B245-ijms-17-01009]\]. Further refinements were introduced by the identification of SMA^+^CD146^bright^ pericytes in humans \[[@B40-ijms-17-01009],[@B144-ijms-17-01009],[@B146-ijms-17-01009],[@B155-ijms-17-01009]\], an observation that was further developed and gave rise to the model of the "**perivascular arteriolar niche**" or "**pericytic arteriolar niche**" ([Figure 2](#ijms-17-01009-f002){ref-type="fig"}C). In humans, HSPCs also show predominant perivascular distribution \[[@B155-ijms-17-01009]\]. Later on, CAR cells, Nestin^+^ cells, Leptin-receptor^+^ cells, and pericytes were added to the picture in continuous efforts to more fully understand the spatial and functional relationships of the BM microenvironment \[[@B248-ijms-17-01009]\]. CXCL12^+^ CAR cells are in close contact with ECs and HSCs, and are predominantly located in sinusoidal areas or niches, as are Leptin-receptor^+^ cells \[[@B249-ijms-17-01009]\]. In mice, HSCs and early myeloid progenitors are predominantly found in the perivascular niche, whereas early lymphoid progenitors occupy the endosteal niche, where "osteo-lineage" cells are thought to provide a specialized niche for lymphoid progenitors \[[@B240-ijms-17-01009]\], with CAR cells being required for the proliferation of both lymphoid and erythroid progenitors \[[@B250-ijms-17-01009]\]. About one year ago, it was discovered that approximately 20% of HSPCs localize directly adjacent to megakaryocytes, which in turn are intimately associated with BM sinusoidal endothelium in mice, and have been shown to be critically involved in HSC maintenance and quiescence through CXCL4 secretion \[[@B251-ijms-17-01009],[@B252-ijms-17-01009],[@B253-ijms-17-01009],[@B254-ijms-17-01009]\]. Thus the terminus "**sinusoidal megakaryocytic niche**" entered the scene ([Figure 2](#ijms-17-01009-f002){ref-type="fig"}B). It currently remains unclear whether all of the above are truly distinct niches \[[@B31-ijms-17-01009]\] that provide either synchronous or redundant regulation of HSCs, or whether these niches provide unique regulatory functions \[[@B241-ijms-17-01009]\]. What is clear, however, is that the SC niche is not physiologically static but responds to microenvironmental stimuli and is under constant remodeling, which also underlies a circadian rhythm \[[@B31-ijms-17-01009],[@B187-ijms-17-01009],[@B189-ijms-17-01009],[@B230-ijms-17-01009],[@B245-ijms-17-01009]\].

5.1. Dysplastic and Leukemic Niches {#sec5dot1-ijms-17-01009}
-----------------------------------

As mentioned above, the BM microenvironment is severely disrupted in MDS, and MDS cells are heavily dependent on their "**dysplastic niche**". Most cells of the BM microenvironment are also pathologically altered in MDS, including ECs \[[@B120-ijms-17-01009]\], osteoblasts \[[@B255-ijms-17-01009],[@B256-ijms-17-01009],[@B257-ijms-17-01009]\], macrophages \[[@B258-ijms-17-01009]\], and various immune cells such as NKCs \[[@B259-ijms-17-01009],[@B260-ijms-17-01009],[@B261-ijms-17-01009]\], NKTs \[[@B262-ijms-17-01009],[@B263-ijms-17-01009]\], Tregs \[[@B264-ijms-17-01009],[@B265-ijms-17-01009],[@B266-ijms-17-01009]\], T-helper (Th) 1, 2, 17 and Th22 cells \[[@B264-ijms-17-01009],[@B265-ijms-17-01009],[@B267-ijms-17-01009],[@B268-ijms-17-01009]\], CD8^+^ CTLs \[[@B269-ijms-17-01009]\], DCs \[[@B270-ijms-17-01009],[@B271-ijms-17-01009],[@B272-ijms-17-01009]\], and myeloid-derived suppressor cells (MDSCs) \[[@B273-ijms-17-01009]\]. The plethora of alterations observed in MSPCs in MDS will be discussed in detail below. Suffice to state here that MDS-MSPCs have reduced capacity to support normal hematopoiesis, paralleled by enhanced supportive capacities for clonal hematopoiesis in vitro (e.g., \[[@B33-ijms-17-01009],[@B274-ijms-17-01009],[@B275-ijms-17-01009]\]) and in vivo in murine xenograft settings \[[@B40-ijms-17-01009],[@B276-ijms-17-01009],[@B277-ijms-17-01009],[@B278-ijms-17-01009],[@B279-ijms-17-01009],[@B280-ijms-17-01009],[@B281-ijms-17-01009],[@B282-ijms-17-01009]\].

Similar to observations made in MDS, most cellular constituents of the BM microenvironment in AML are pathologically altered, including ECs \[[@B129-ijms-17-01009],[@B130-ijms-17-01009]\], osteoblasts \[[@B23-ijms-17-01009]\], fibroblasts \[[@B283-ijms-17-01009]\], and various immune cells such as NKCs \[[@B259-ijms-17-01009],[@B284-ijms-17-01009],[@B285-ijms-17-01009],[@B286-ijms-17-01009]\], NKTs \[[@B259-ijms-17-01009],[@B287-ijms-17-01009]\], Tregs \[[@B288-ijms-17-01009],[@B289-ijms-17-01009]\], Th-subsets \[[@B290-ijms-17-01009],[@B291-ijms-17-01009],[@B292-ijms-17-01009],[@B293-ijms-17-01009]\], DCs \[[@B272-ijms-17-01009],[@B294-ijms-17-01009]\] and MDSCs \[[@B295-ijms-17-01009]\]. These aberrant cells contribute to the "**leukemic niche**", either as niche constituents, or "niche accessory cells". The contribution of immune cells to the leukemic niche and their involvement in regulating the leukemic clone has been discussed by others \[[@B16-ijms-17-01009]\].

BM stromal populations have been implicated in MDS and AML pathogenesis, as has been reviewed by others \[[@B16-ijms-17-01009],[@B17-ijms-17-01009],[@B18-ijms-17-01009],[@B31-ijms-17-01009],[@B241-ijms-17-01009],[@B296-ijms-17-01009],[@B297-ijms-17-01009],[@B298-ijms-17-01009]\].

### NSCs: Competition for the Stem Cell Niche---Spatial Localization in Mice {#sec5dot1dot1-ijms-17-01009}

Colmone et al. elegantly applied dynamic in vivo imaging techniques to show that AML cells create a pathologic microenvironment that disrupts and usurps normal HSC niches that sequester human transplanted HSCs and HPSCs, and this is dependent on CXCL12 secretion by the leukemic clone \[[@B164-ijms-17-01009]\]. It has only recently been elucidated that the spatial localization of NSCs within the leukemic niche is restricted to niche elements shared with their non-neoplastic counterparts (in murine transplant experiments) \[[@B299-ijms-17-01009],[@B300-ijms-17-01009]\]. The above data show that NSCs compete with normal HSCs and HPSCs for occupancy of the same protective niche. The SC niche may thus be termed "the home of friend and foe" \[[@B301-ijms-17-01009]\]. Mathematical and in vitro models predict that MDS-initiating cells must have higher self-renewal rates and/or a longer survival (resulting from mutations and local signals from the niche) than normal MSPCs in order to outcompete normal hematopoiesis \[[@B302-ijms-17-01009]\].

5.2. Stem Cell Niche: Soluble Components in Normal Hematopoiesis {#sec5dot2-ijms-17-01009}
----------------------------------------------------------------

Soluble components relevant to the SC niche include cytokines, chemokines, growth factors, calcium, hormones (parathyroid hormone, estrogen), and hormone-like lipids (prostaglandin E2 (PGE2)). CXCL12, also known as stromal cell-derived factor-1 (SDF1), seems to be the critical chemokine involved in HSC homing and HSC maintenance within the HSC niche \[[@B240-ijms-17-01009],[@B303-ijms-17-01009],[@B304-ijms-17-01009],[@B305-ijms-17-01009],[@B306-ijms-17-01009]\]. It may be produced by MSPCs themselves or by other niche constituents such as MSPC progeny including CAR cells and osteoblasts, as well as by ECs \[[@B31-ijms-17-01009],[@B240-ijms-17-01009],[@B303-ijms-17-01009],[@B307-ijms-17-01009]\]. Other relevant cytokines involved in the fine-tuning of HSC maintenance and regulation include SCF and TGFβ, which can be produced by multiple niche cell types, including but not restricted to osteoblasts and macrophages \[[@B112-ijms-17-01009],[@B239-ijms-17-01009],[@B308-ijms-17-01009],[@B309-ijms-17-01009]\]. In particular, macrophage polarization towards the Type-2 phenotype was recently shown to regulate MSPC osteoblast differentiation in vitro, i.e., via secretion of TGFβ \[[@B310-ijms-17-01009]\]. We have depicted how the secreted products of MSPCs and their progeny work together with other cells of the SC niche to regulate HSC maintenance in [Figure 3](#ijms-17-01009-f003){ref-type="fig"}. This topic has recently been reviewed in detail by others \[[@B311-ijms-17-01009]\].

### Stem Cell Niche: Soluble Components in MDS and AML {#sec5dot2dot1-ijms-17-01009}

*CXCL12* plays a critical role in SC niche regulation and signals via *CXCR4*, which is highly expressed on human leukemic blasts, mediates homing to protective niches, and regulates pro-survival signals, HSC quiescence, and chemotherapy resistance, all of which ultimately translate into adverse patient outcomes \[[@B312-ijms-17-01009],[@B313-ijms-17-01009],[@B314-ijms-17-01009]\]. Therapeutic targeting of the *CXCL12/CXCR4* axis is under intense investigation \[[@B185-ijms-17-01009],[@B315-ijms-17-01009],[@B316-ijms-17-01009],[@B317-ijms-17-01009],[@B318-ijms-17-01009],[@B319-ijms-17-01009]\].

Other cytokines involved and deregulated in MDS and AML pathogenesis include tumor necrosis factor α (*TNFα*), *SCF, TGFβ, VEGF*, and many others, but will not be discussed here.

5.3. Stem Cell Niche: Signaling Pathways in Normal Hematopoiesis {#sec5dot3-ijms-17-01009}
----------------------------------------------------------------

The Wnt \[[@B33-ijms-17-01009],[@B279-ijms-17-01009]\] and Notch \[[@B320-ijms-17-01009],[@B321-ijms-17-01009]\] signaling pathways are likely the main signaling pathways involved in non-neoplastic niche-HSC interactions \[[@B322-ijms-17-01009]\]. Notch/Jagged1 signaling not only governs HSC fate and differentiation \[[@B323-ijms-17-01009]\], but is also involved in MSPC-mediated immunosuppression \[[@B324-ijms-17-01009]\] (discussed in detail in the respective section). It has been demonstrated that normal hematopoiesis is dependent on Notch activation through Notch ligand receptor interactions with non-hematopoietic microenvironmental cells in murine knockout models of lethal myeloproliferative diseases \[[@B325-ijms-17-01009]\].

### Stem Cell Niche: Signaling Pathways in MDS and AML {#sec5dot3dot1-ijms-17-01009}

Although their exact contribution to disease pathogenesis is still incompletely understood, in vitro results suggest that both Wnt and Notch signaling pathways are pathologically activated in MDS/AML blasts \[[@B326-ijms-17-01009]\], have prognostic relevance \[[@B33-ijms-17-01009]\], and may serve as potential therapeutic targets \[[@B327-ijms-17-01009],[@B328-ijms-17-01009],[@B329-ijms-17-01009]\] in MDS and AML. These signaling pathways have been shown to play a role in MSPC-aided engraftment of human MDS clonal cells in murine xenograft models \[[@B140-ijms-17-01009],[@B330-ijms-17-01009]\].

Notch/Jagged1 signaling has been identified as a critical modulator of niche-based oncogenesis in MDS and AML \[[@B321-ijms-17-01009]\]. Abnormal activation of *Notch* has recently been found in primary human MSPCs and was associated with impaired differentiation and plasticity, thus supporting the concept that primary MSPC defects may contribute to MDS pathogenesis \[[@B20-ijms-17-01009],[@B30-ijms-17-01009]\]. Adding to this, constitutively active *β-catenin* expression, resulting in increased *Jagged1* expression and thus Notch/Jagged1 signaling in osteoblasts, was shown to be critical for the induction of AML in a murine model \[[@B23-ijms-17-01009],[@B331-ijms-17-01009]\].

Similarly, abnormal Wnt/β-catenin signaling in BM-MSPCs from patients with MDS/AML was associated with homing to osteoblastic niche and leukemogenic potency \[[@B75-ijms-17-01009]\], impaired replicative capacity \[[@B26-ijms-17-01009],[@B332-ijms-17-01009]\], adverse karyotypes \[[@B333-ijms-17-01009]\], and/or adverse prognosis \[[@B333-ijms-17-01009],[@B334-ijms-17-01009]\]. Marrow fibrous dysplasia and altered immune responses have also been attributed to β-catenin activation \[[@B335-ijms-17-01009]\]. Antigen-presenting cells (APC) are located on chromosome 5q, deletions of which are common in MDS and AML. They encode a negative regulator of the Wnt signaling pathway with tumor suppressor function. APC^(Min)^ mice with haploinsufficency of APC therefore demonstrated Wnt activation, which coincided with loss of the quiescent HSC fraction and function after serial transplantation, and developed an MDS/myeloproliferative phenotype \[[@B336-ijms-17-01009]\]. The same group also later identified Wnt activation in human AML samples. \[[@B75-ijms-17-01009]\]. It is worth noting that the Wnt pathway is epigenetically regulated in MDS \[[@B334-ijms-17-01009],[@B337-ijms-17-01009]\] and AML \[[@B338-ijms-17-01009],[@B339-ijms-17-01009],[@B340-ijms-17-01009],[@B341-ijms-17-01009]\], and hypomethylating agents have been shown to demethylate *Wnt* antagonist gene promoters in vitro \[[@B342-ijms-17-01009]\]. Despite significant research efforts, the mechanism of action of these drugs is not completely understood \[[@B343-ijms-17-01009]\], and re-expression of *Wnt* may be one of the many reasons why they are clinically effective.

6. MSPCs and Their Progeny: Key Cellular Niche Components {#sec6-ijms-17-01009}
=========================================================

MSPCs have been termed the most important cellular "key stone" component of the HSC niche \[[@B60-ijms-17-01009]\]. MSPCs interact with HSCs to regulate HSC self-renewal, differentiation, and, thus, maintenance via adhesion molecule-mediated cell-to-cell interactions, release of cytokines and chemokines \[[@B344-ijms-17-01009]\], as well as provision of regulatory signals (e.g., by expression of crosstalk molecules such as Jagged1 and CXCL12 ([Figure 3](#ijms-17-01009-f003){ref-type="fig"}) \[[@B194-ijms-17-01009],[@B240-ijms-17-01009],[@B303-ijms-17-01009],[@B306-ijms-17-01009],[@B345-ijms-17-01009],[@B346-ijms-17-01009]\]). MSPCs deliver proliferation, stemness, and survival signals to HSPCs, and can also provide protection against cytotoxic effects of chemotherapeutic agents \[[@B347-ijms-17-01009]\].

In vitro experiments have shown that the surface of MSPCs seems to be the predominant site of proliferation of HSCs, whereas the niche-like microenvironment beneath the MSPC layer recruits and retains HSCs with more primitive properties \[[@B348-ijms-17-01009]\]. MSPCs and their immediate progeny---including various perivascular cells such as CAR cells (major source of CXCL12 and SCF) \[[@B250-ijms-17-01009]\], Nestin^+^ perivascular cells, and Leptin-receptor^+^ perivascular stromal cells \[[@B31-ijms-17-01009],[@B39-ijms-17-01009],[@B60-ijms-17-01009],[@B112-ijms-17-01009],[@B157-ijms-17-01009],[@B166-ijms-17-01009],[@B227-ijms-17-01009],[@B303-ijms-17-01009],[@B307-ijms-17-01009]\]---are generally seen as the key regulators of the SC niche. In a broader sense, osteoblasts (source for CXCL12) are also MSPC descendants \[[@B219-ijms-17-01009],[@B220-ijms-17-01009],[@B236-ijms-17-01009],[@B349-ijms-17-01009],[@B350-ijms-17-01009],[@B351-ijms-17-01009],[@B352-ijms-17-01009]\]. The exact sequence of MSPC differentiation is also not clear, but it seems as if Nestin marks more primitive MSPCs with tri-lineage differentiation potential, whereas CXCL12^+^ CAR cells have bi-lineage potential (adipo-osteogenic) ([Figure 1](#ijms-17-01009-f001){ref-type="fig"}A), and Leptin-receptor^+^ MSPCs may represent more differentiated cells.

Perivascular CAR cells express both adipogenic and osteogenic genes and have the potential to differentiate to adipocytes and osteoblasts, rendering them adipo-osteogenic progenitors ([Figure 1](#ijms-17-01009-f001){ref-type="fig"}) \[[@B250-ijms-17-01009]\]. CAR cells have been identified as key components of the SC niche and B-cell niche \[[@B194-ijms-17-01009],[@B353-ijms-17-01009],[@B354-ijms-17-01009]\]. Depletion of CAR cells in genetically engineered mice resulted in significant reduction of HSCs that were not in contact with CAR cells by 50%, paralleled by egress of HSCs to the peripheral blood, as well as induction of early myeloid differentiation at the cost of lymphoid and erythroid progenitors \[[@B250-ijms-17-01009]\]. The authors concluded that CAR cells are essential for the maintenance of HSCs (i.e., keep HSCs in an undifferentiated state) and lymphoid and erythroid progenitors, and also play a role in HSC BM retention \[[@B250-ijms-17-01009]\]. In contrast, HSCs not in contact with CAR cells, e.g., those in the endosteal niche, were not reduced in number \[[@B250-ijms-17-01009]\].

6.1. MSPCs: Spatial Localization in Vivo in Normal and Dysplastic Hematopoiesis {#sec6dot1-ijms-17-01009}
-------------------------------------------------------------------------------

Despite intensive research, knowledge on the in vivo HSC niche constituents and their precise role in humans remains limited and must thus be interpreted with caution in the context of human diseases. Van Pel et al. have recently reviewed the comparability of the human and murine SC niche \[[@B355-ijms-17-01009]\]. In 2010, Kunisaki et al. examined the spatial localization of quiescent HSCs in mice, and identified Nestin^bright^ NG2^+^ peri-arteriolar cells of the arteriolar niche to be indispensable for maintaining HSC quiescence, whereas reticular-shaped Nestin^dim^NG2^+^-Leptin-receptor^+^ sinusoidal cells were associated with less quiescent HSCs \[[@B249-ijms-17-01009]\]. Two years later, elegant immunohistochemistry stainings revealed that Nestin^+^ cells also showed predominantly arteriolar distribution in humans \[[@B155-ijms-17-01009]\]. In their seminal work, Flores-Figueroa et al. clarified the relationship of the BM microvasculature in both benign and myelodysplastic human BM. They demonstrated that capillaries and arterioles consist of three layers: a Nestin^+^CD34^+^ EC layer, tightly cloaked by a SMA^+^CD146^bright^ pericyte layer, which is further surrounded by CD271^+^ MSPCs. In thin-walled BM sinusoids, however, the pericyte layer is lacking, and a Nestin^dim^ EC layer directly contacts CD271^+^ MSPCs and hematopoietic elements \[[@B155-ijms-17-01009]\]. Arterioles are therefore structurally distinct from sinusoids in that they are surrounded by layers of smooth muscle cells and pericytes, in addition to being highly innervated by sympathetic nerves that regulate HSC migration \[[@B187-ijms-17-01009]\], and as mentioned above, Nestin^+^ MSPCs are associated with adrenergic neural fibers in vivo (in mice). Occasional subendothelial Nestin^+^ (Sca1^+^PDGFRα^+^) cells have also been observed.

6.2. MSPCs: Dichotomous Effects on Erythropoiesis {#sec6dot2-ijms-17-01009}
-------------------------------------------------

Although MSPCs are known to support hematopoiesis in general, in vitro evidence is accumulating that MSPCs may specifically inhibit erythropoiesis in favor of myeloid differentiation. Soluble factors produced by BM stromal cells inhibited the ability of HSCs to differentiate into erythroid progenitors while skewing towards myeloid differentiation \[[@B36-ijms-17-01009],[@B356-ijms-17-01009],[@B357-ijms-17-01009]\]. This is thought to be a result of BM stromal cell-secreted interleukin (IL)6, which specifically expanded myeloid progenitors resulting in increased mature myeloid cells in the peripheral blood, but blocked erythroid development \[[@B358-ijms-17-01009]\]. Of interest, elevated levels of the proinflammatory cytokine IL6 (and TNFα) have been correlated with adverse survival in patients with AML \[[@B359-ijms-17-01009]\].

However, conflicting reports dating back as far as 1989 exist, showing that MSPCs can also favor erythroid differentiation through constitutive expression and secretion of activin \[[@B360-ijms-17-01009],[@B361-ijms-17-01009],[@B362-ijms-17-01009]\]. These seemingly contradictory observations were elegantly explained by Gibson et al., who demonstrated that MSPCs initially enhance and then suppress erythroid colony formation \[[@B363-ijms-17-01009]\]. This process was dependent on MSPC density and concentrations of MSPC-secreted PGE \[[@B363-ijms-17-01009],[@B364-ijms-17-01009]\]. In vitro, PGE enhances erythropoiesis, and only seems to be produced by replicating MSPCs when present in low numbers, whereas static (i.e., non-replicating) or confluent (i.e., high cell numbers) MSPC layers produce no PGE and suppress blast forming unit-erythroid (BFU-E) formation \[[@B363-ijms-17-01009]\]. Thus, small numbers of MSPCs enhance erythropoiesis, whereas large numbers of MSPCs inhibit erythropoiesis \[[@B365-ijms-17-01009],[@B366-ijms-17-01009]\].

6.3. Osteoblasts Support and Regulate HSCs {#sec6dot3-ijms-17-01009}
------------------------------------------

Human osteoblasts (well-documented progeny of MSPCs) have been shown to support HSC expansion and to regulate HSC activity in vitro \[[@B250-ijms-17-01009]\], i.e., via secretion of angiopoietin \[[@B367-ijms-17-01009]\], osteopontin (negative regulation of HSC pool size in vivo) \[[@B368-ijms-17-01009]\], and granulocyte colony-stimulating factor (G-CSF) \[[@B236-ijms-17-01009],[@B351-ijms-17-01009]\]. The observed G-CSF secretion may be part of a negative feedback loop, as the application of G-CSF to mice resulted in potent inhibition of osteoblast activity and *CXCL12* expression via indirect mechanisms (as osteoblasts do not express the G-CSF-receptor) \[[@B350-ijms-17-01009]\]. Osteoblasts can also be induced to proliferate and/or foster osteoblast-mediated support of HSC migration and quiescence through interactions of the respective ligands with receptors on the osteoblast cell surface, such as Notch-ligand/N-cadherin and their crosstalk with Wnt/β-catenin signaling, (reviewed, e.g., in \[[@B369-ijms-17-01009]\]) parathyroid hormone (PTH)/PTH-receptor (PTH-R) \[[@B219-ijms-17-01009],[@B370-ijms-17-01009],[@B371-ijms-17-01009]\], and Bmp1A/Bmp1A-receptor \[[@B242-ijms-17-01009]\] interactions. More than a decade ago, SNO cells were identified to be a specialized subpopulation of osteoblasts that line the bone surface. Murine models revealed that they function as key niche components that support and regulate HSC numbers, dependent on signaling via BMP receptor type 1A \[[@B242-ijms-17-01009]\].

### Osteoblasts in MDS and AML {#sec6dot3dot1-ijms-17-01009}

NSCs were shown to selectively home to and engraft endosteal surfaces in xenograft mouse models \[[@B372-ijms-17-01009]\]. This concept was expanded by Lane et al., who demonstrated that premalignant NSCs (pre-NSCs) and NSCs are biologically distinct in their relative pace of disease onset, leukemogenic potential, and preferential BM homing site: pre-NSCs homed very closely to BM osteoblasts (even closer than normal HSCs) due to constitutive cell-intrinsic Wnt/β-catenin activation, whereas NSCs homed further away from osteolineage cells (in a syngeneic murine model of AML) \[[@B75-ijms-17-01009]\].

Osteocyte-specific deletion of a gene involved in G-CSF production resulted in severe osteopenia and dramatic expansion of myeloid cells \[[@B373-ijms-17-01009]\]. Abnormal osteoblastic signaling via b-catenenin \[[@B23-ijms-17-01009],[@B331-ijms-17-01009]\], Notch-Jagged1 \[[@B20-ijms-17-01009]\], and osteopontin (OPN) \[[@B33-ijms-17-01009]\] has been proposed to be involved in MDS/AML pathogenesis. OPN, also known as bone sialoprotein-1, is implicated in bone remodeling \[[@B374-ijms-17-01009]\], anchors osteoclasts to the mineral matrix of bone \[[@B375-ijms-17-01009]\], plays a role in immunomodulation (as many immune cells express OPN receptors) \[[@B376-ijms-17-01009]\], suppresses HSC proliferation in vitro, and is thought to regulate the SC pool \[[@B377-ijms-17-01009]\]. This molecule also seems relevant in AML, as knockdown of OPN expression induced cell death of AML blasts and leukemic progenitors in vitro \[[@B378-ijms-17-01009]\]. In addition, an immunocompetent model of murine AML revealed reduced levels of osteoprogenitors and OPN^+^ endosteal-lining cells, as well as functionally inhibited osteoblasts with reduced osteocalcin production \[[@B379-ijms-17-01009]\]. This AML-induced uncoupling of osteoblastic and osteoclastic cells is thought to be mediated by leukemic blast-secreted chemokine c-c motif ligand 3 (CCL3) \[[@B379-ijms-17-01009]\]. Finally, high expression levels of OPN in human AML samples at baseline were independently associated with adverse prognosis and survival in multivariate analysis \[[@B378-ijms-17-01009],[@B380-ijms-17-01009]\], underlining a relevant role for this molecule in human AML.

Further details on the presumed roles of osteoprogenitors and osteoblasts in MDS \[[@B20-ijms-17-01009],[@B30-ijms-17-01009]\] and AML \[[@B23-ijms-17-01009],[@B257-ijms-17-01009],[@B281-ijms-17-01009]\] will be discussed below in the context of "Malignancy-Inducing Microenvironment?".

6.4. Other Niche Cells that Regulate HSCs {#sec6dot4-ijms-17-01009}
-----------------------------------------

HSCs are also regulated by other niche constituents, such as ECs (source for CXCL12) (reviewed in \[[@B241-ijms-17-01009]\]), sympathetic neurons \[[@B187-ijms-17-01009],[@B188-ijms-17-01009]\] (major source of CXCL12), and non-myelinating Schwann cells \[[@B166-ijms-17-01009]\] (major source of TGFβ). Evidence is also accumulating that various "niche accessory cells" such as adipocytes (negative regulators of HSCs) \[[@B233-ijms-17-01009]\], osteoclasts \[[@B229-ijms-17-01009],[@B231-ijms-17-01009],[@B232-ijms-17-01009]\], BM macrophages (source of PGE2) \[[@B222-ijms-17-01009],[@B237-ijms-17-01009],[@B381-ijms-17-01009]\], and Tregs \[[@B225-ijms-17-01009]\] act on niche cells to regulate HSCs ([Table 1](#ijms-17-01009-t001){ref-type="table"}; reviewed by Frenette et al. \[[@B60-ijms-17-01009]\]). Of interest, Frenette et al. showed in elegant murine models that CD169^+^ macrophages promote HSC retention within the BM in vivo, and this process involved crosstalk with Nestin^+^ niche cells, resulting in down-regulation of HSC retention genes, as well as induction of CXCL12 production \[[@B221-ijms-17-01009]\]. Thus, macrophage retention of HSCs antagonizes adrenergic signals, which mediate HSC egress ([Figure 3](#ijms-17-01009-f003){ref-type="fig"}). In addition, the same group demonstrated that CD169^+^ macrophages are involved in the regulation of erythropoiesis \[[@B222-ijms-17-01009]\]. ECs are also relevant regulators of human HSC fate in mice, i.e., via production of pleotrophin (PTN), VEGF, and insulin-like growth factor binding protein, as has been reviewed by Doan et al. \[[@B241-ijms-17-01009]\].

7. MSPCs: Immunomodulation {#sec7-ijms-17-01009}
==========================

In addition to their stem/progenitor cell properties, MSPCs not only provide growth support for HSCs and hematopoiesis \[[@B348-ijms-17-01009],[@B382-ijms-17-01009]\], but also display systemic immunoregulatory and immunosuppressive properties \[[@B60-ijms-17-01009],[@B383-ijms-17-01009],[@B384-ijms-17-01009],[@B385-ijms-17-01009],[@B386-ijms-17-01009],[@B387-ijms-17-01009],[@B388-ijms-17-01009]\] and are capable of influencing both adaptive and innate immune responses ([Figure 4](#ijms-17-01009-f004){ref-type="fig"}) \[[@B46-ijms-17-01009]\]. MSPCs derived from non-BM sources have similar immunosuppressive functions as their BM-derived counterparts \[[@B385-ijms-17-01009],[@B389-ijms-17-01009]\]. Not only MSPCs themselves but also their progeny (i.e., osteoblasts \[[@B335-ijms-17-01009],[@B390-ijms-17-01009],[@B391-ijms-17-01009],[@B392-ijms-17-01009]\], fibroblasts \[[@B393-ijms-17-01009],[@B394-ijms-17-01009]\], and adipocytes \[[@B395-ijms-17-01009]\]) exhibit immunoregulatory properties. While MSPCs are not immune cells themselves, they have been termed "coordinators of the immune system", emphasizing their key role in modulating immune responses \[[@B396-ijms-17-01009]\]. The exact mechanisms governing the effects of MSPCs on immune cells in humans in vivo have not been fully elucidated, and most published results derive from in vitro and/or murine (xenotransplant) experiments. It must be stressed at this point that rodent and human MSPCs display a number of differences regarding licensing pathways and expression of immune mediators \[[@B397-ijms-17-01009]\], and that in vitro conditions can never fully reflect in vivo conditions due to (a) the considerable level of crosstalk between MSPCs and numerous cells within the microenvironment; and (b) the resulting dynamic alterations of the MSPCs themselves, as well as of the immune cells that they modulate \[[@B44-ijms-17-01009]\]. Therefore, caution needs to be exercised when translating results generated in vitro or in mouse models into the human setting \[[@B355-ijms-17-01009],[@B397-ijms-17-01009],[@B398-ijms-17-01009],[@B399-ijms-17-01009],[@B400-ijms-17-01009],[@B401-ijms-17-01009]\]. Standardization of immune functional assays is hoped to guarantee reproducible and inter-study comparisons of results \[[@B63-ijms-17-01009],[@B402-ijms-17-01009]\].

We give a brief overview of current concepts of how MSPCs interact with immune cells below, with a strong (but not exclusive) focus on human MSPCs ([Figure 4](#ijms-17-01009-f004){ref-type="fig"}).

7.1. Immunosuppressive Effects of MSPCs on Immune Cells {#sec7dot1-ijms-17-01009}
-------------------------------------------------------

In brief, the immunosuppressive capacity of MSPCs observed in vitro or in murine models results from extensive suppression of various effector cells, which is paralleled by a "re-education" of immune cells to become regulatory immune cells with tolerogenic properties ([Figure 4](#ijms-17-01009-f004){ref-type="fig"}) \[[@B396-ijms-17-01009]\]. In this regard, MSPCs have been shown to strongly suppress various proinflammatory immune cells while simultaneously favoring the generation of immunosuppressive immune cell subsets ([Table 2](#ijms-17-01009-t002){ref-type="table"}).

The current assumption is that MSPC-induced regulatory cells, including Tregs, regulatory B-cells, DCregs, MDSCs and NKregs, gather to create a tolerogenic microenvironment capable of inducing strong immunosuppression ([Figure 4](#ijms-17-01009-f004){ref-type="fig"}) \[[@B387-ijms-17-01009],[@B388-ijms-17-01009],[@B461-ijms-17-01009]\]. However, many key aspects, including potency, specificity, mechanistic basis, and ideally predictable therapeutic modulation of these effects, remain incompletely understood.

### 7.1.1. MSPCs: Mechanisms of Immunosuppression {#sec7dot1dot1-ijms-17-01009}

#### MSPC-Mediated Immunosuppression via Secretion of Soluble Factors

It is generally accepted that the strong immunosuppressive capacity of MSPCs is mediated via cell-to-cell contact-dependent and independent mechanisms. The latter include various MSPC-secreted soluble (mainly anti-inflammatory) factors, such as hormones, cytokines, and chemokines. These include, e.g., PGE2, TGFβ, IL2, IL6, hepatocyte growth factor (HGF), indoleamine 2,3-dioxygenase (IDO) \[[@B399-ijms-17-01009]\], human leukocyte antigen (HLA), IL 1 receptor antagonist (IL1RA), CCL2, macrophage colony stimulating factor (M-CSF), and MSPC-secreted exosomes as paracrine mediators of MSPC immunosuppressive function ([Figure 4](#ijms-17-01009-f004){ref-type="fig"}) \[[@B389-ijms-17-01009],[@B407-ijms-17-01009],[@B409-ijms-17-01009],[@B413-ijms-17-01009],[@B416-ijms-17-01009],[@B425-ijms-17-01009],[@B430-ijms-17-01009],[@B442-ijms-17-01009],[@B450-ijms-17-01009],[@B452-ijms-17-01009],[@B462-ijms-17-01009],[@B463-ijms-17-01009],[@B464-ijms-17-01009],[@B465-ijms-17-01009],[@B466-ijms-17-01009]\]. The immunosuppressive cytokine IL10 is not produced by MSPCs themselves, but they induce other cell types to do this, in part via heme oxygenase-1 \[[@B443-ijms-17-01009],[@B460-ijms-17-01009],[@B467-ijms-17-01009]\].

Whereas murine MSPC use NO to exert their immunosuppressive function, it is of note that human MSPCs use IDO instead \[[@B399-ijms-17-01009]\]. Under anti-inflammatory licensing conditions, MSPCs can be converted to Type-2 cells that secrete high levels of IDO, IL6, IL27, TGFβ, PGE2, monocyte chemotactic protein 1 (MCP1), and intracellular adhesion molecule 1 \[[@B468-ijms-17-01009],[@B469-ijms-17-01009],[@B470-ijms-17-01009]\]. The highly immunosuppressive enzyme IDO is not only secreted by MSPCs, but also by several components of the BM microenvironment, including MDSCs \[[@B471-ijms-17-01009],[@B472-ijms-17-01009]\] and DCs \[[@B473-ijms-17-01009],[@B474-ijms-17-01009]\]. IDO serves as a molecular switch towards immune-suppression and facilitates escape from immune recognition by several means: (a) direct induction of the emergence of Tregs \[[@B412-ijms-17-01009]\]; (b) inhibition of the activation of pro-inflammatory monocytes and macrophages \[[@B475-ijms-17-01009]\]; and (c) induction of the switch from M0- to M2-macrophages (Φ) \[[@B46-ijms-17-01009],[@B403-ijms-17-01009],[@B461-ijms-17-01009],[@B476-ijms-17-01009],[@B477-ijms-17-01009]\]. The latter exert an anti-inflammatory effect by secreting high levels of IL10 and TGFβ, resulting in further polarization towards Treg induction ([Figure 4](#ijms-17-01009-f004){ref-type="fig"}) \[[@B478-ijms-17-01009]\].

MSPCs perpetuate and contribute to the maintenance of the anti-inflammatory, immunosuppressive microenvironment via modulation of various types of immune cells: (a) direct and indirect strong suppression of activation and proliferation of CD4^+^ T-helper (Th) cells (Th1, Th2, and Th17), as well as cytotoxic CD8*^+^* T-cells \[[@B384-ijms-17-01009],[@B404-ijms-17-01009],[@B479-ijms-17-01009],[@B480-ijms-17-01009],[@B481-ijms-17-01009]\]; (b) inhibition of the differentiation of monocytes into mature DCs \[[@B425-ijms-17-01009]\]; (c) direct suppression of DC differentiation, maturation, and function \[[@B406-ijms-17-01009],[@B449-ijms-17-01009],[@B482-ijms-17-01009],[@B483-ijms-17-01009],[@B484-ijms-17-01009]\], which results in altered cytokine expression, inhibition of the endocytotic capacity with impaired antigen presentation \[[@B485-ijms-17-01009]\], and consecutive additional inhibition of T-cell activation and proliferation; (d) induction of differentiation of DCs towards an MDSC phenotype, which act as immune suppressors \[[@B458-ijms-17-01009]\]; (e) numerical expansion of MDSCs, i.e., via secretion of HGF \[[@B457-ijms-17-01009]\]; (f) powerful inhibition of NKC proliferation and functions via expression of toll-like receptor (TLR)4, PGE2, and IDO \[[@B417-ijms-17-01009],[@B457-ijms-17-01009],[@B486-ijms-17-01009]\]; and (g) inhibition of B-cell activation \[[@B432-ijms-17-01009]\] and antibody production, as well as alteration of naïve and memory B-cell subsets \[[@B430-ijms-17-01009],[@B432-ijms-17-01009],[@B486-ijms-17-01009]\] ([Table 2](#ijms-17-01009-t002){ref-type="table"}).

Due to the limited diffusion range of the soluble factors secreted by MSPCs, close proximity of MSPCs to the immune cells is required, and MSPC-secreted chemokines have been suggested to play a role in attracting immune cells \[[@B463-ijms-17-01009],[@B465-ijms-17-01009]\]. In addition, interferon (IFN)γ priming combined with TLR activation renders MSPCs capable of recruiting immune inflammatory cells \[[@B487-ijms-17-01009]\]. Vice versa, the cellular and soluble microenvironment surrounding MSPCs, in particular various immune cells and their secreted cytokines, may also critically influence the immunomodulatory function and plasticity of MSPCs \[[@B488-ijms-17-01009]\].

#### MSPC-Mediated Immunosuppression via Expression of Cell Surface Molecules

Another means by which MSPCs keep immune cells at a close distance is via direct binding of, e.g., CD4^+^ and CD8^+^ T-cells to the cell surface of MSPCs, as has been demonstrated in vitro \[[@B489-ijms-17-01009],[@B490-ijms-17-01009]\]. MSPCs also exert metabolic control over the immune system, e.g., via strong constitutive expression of the cell surface molecule CD73, which is involved in elimination of the inflammation-promoting effect of ATP, via metabolization of ATP to adenosine \[[@B491-ijms-17-01009]\]. MSPCs can also be induced to secrete the enzyme IDO, which potently inhibits lymphocyte proliferation by metabolizing L-tryptophan to L-kynurenine \[[@B492-ijms-17-01009]\]. Tryptophan starvation results in T-cell cycle arrest \[[@B492-ijms-17-01009]\], and kynurenine and its metabolites are also directly toxic for T-cells \[[@B493-ijms-17-01009]\] and NKCs \[[@B494-ijms-17-01009]\], and can also inhibit production of erythropoietin \[[@B26-ijms-17-01009]\]. Heme oxygenase-1 is involved in porphyrin metabolism, and was identified as a key contributor for MSPC-mediated suppression via induction of Tregs and promotion of MSPC-produced IL10 \[[@B443-ijms-17-01009]\]. MSPCs also express cell surface molecules with immunosuppressive capacity, such as programmed death ligand 1 (PD-L1) and Fas ligand, on their cell surface, which enables them to directly deliver inhibitory signals to immune cells expressing *PD-L1* and/or *Fas* via cell-to-cell contact mechanisms \[[@B495-ijms-17-01009],[@B496-ijms-17-01009]\]. In this regard, it was recently demonstrated that MSPCs repress Th1 and Th17 polarization \[[@B409-ijms-17-01009],[@B410-ijms-17-01009]\], i.e., via up-regulation/constitutive expression of *PD-L1* on MSPCs \[[@B411-ijms-17-01009]\]. The immunosuppressive effect of MSPC-expressed *PD-L1* on T-cells could be abolished by PD-L1 antibodies in vitro \[[@B496-ijms-17-01009]\].

7.2. MSPC-Mediated Mechanisms of Immune Evasion in Malignancy {#sec7dot2-ijms-17-01009}
-------------------------------------------------------------

Inflammation is a well-established key component of the malignant microenvironment, and it plays a relevant role in tumorigenesis and tumor progression \[[@B497-ijms-17-01009]\]. Tumors and their microenvironment induce MSPC homing, i.e., via secretion of cytokines, chemokines, and/or growth factors \[[@B498-ijms-17-01009]\]. MSPCs that home to the tumor site are then thought to be modulated by the inflammatory tumor microenvironment to become activated and switch their phenotype from MSPC Type-1 cells (pro-inflammatory or naïve MSPCs) to "tumor-educated" MSPC Type-2 cells (anti-inflammatory or tumor MSPCs) ([Figure 4](#ijms-17-01009-f004){ref-type="fig"}) \[[@B498-ijms-17-01009]\]. Alternatively, mouse models have shown that the tumor-attracted MSPCs may also differentiate into CAFs in the case of BM origin \[[@B499-ijms-17-01009]\], or into vascular ECs in the case of adipose tissue-derived MSPCs \[[@B500-ijms-17-01009]\], but this remains to be demonstrated in vivo in humans. As discussed above, MSPCs found at malignant sites are significantly affected by both the inflammatory microenvironment as well as the cancer cells themselves. Whereas naïve (innate) MSPCs can inhibit the proliferation of tumor cell lines of hematopoietic origin \[[@B501-ijms-17-01009],[@B502-ijms-17-01009],[@B503-ijms-17-01009]\], tumor educated Type-2 MPSCs exhibit stronger immunosuppressive and migratory properties, have strong drug resistance, induce EMT, promote tumor cell proliferation, and increase the proportion of cancer SCs (reviewed in \[[@B498-ijms-17-01009]\]). Evidence is mounting that tumor-educated MSPCs share immunosuppressive functions with their BM counterparts (reviewed in \[[@B504-ijms-17-01009]\]). In comparison to normal MSPCs, tumor-educated Type-2 MSPCs more strongly recruit monocytes/macrophages \[[@B505-ijms-17-01009]\], increase the proportion of Tregs \[[@B506-ijms-17-01009]\], and inhibit the cytotoxic effects of (antigen-specific) T-cells \[[@B507-ijms-17-01009],[@B508-ijms-17-01009],[@B509-ijms-17-01009]\], B-cells \[[@B509-ijms-17-01009],[@B510-ijms-17-01009]\], and NKCs \[[@B511-ijms-17-01009],[@B512-ijms-17-01009]\] as compared to their normal counterparts, respectively, thereby creating favorable conditions for tumor progression \[[@B513-ijms-17-01009]\]. In addition, tryptophan metabolites may be mutagenic \[[@B514-ijms-17-01009],[@B515-ijms-17-01009]\], and could thus contribute to genetic instability. MSPC-secreted IDO and PGE2 have been implicated to play a relevant role in this process in vitro and in vivo in humanized murine models \[[@B509-ijms-17-01009],[@B512-ijms-17-01009]\]. In addition, many human tumors have been shown to produce IDO \[[@B516-ijms-17-01009],[@B517-ijms-17-01009],[@B518-ijms-17-01009]\]. Cancer, the inflammatory cancer microenvironment, and tumor-educated Type-2 MSPCs thus form a self-reinforcing vicious cycle \[[@B498-ijms-17-01009]\].

7.3. MSPC-Mediated Mechanisms of Immune Evasion in MDS and AML {#sec7dot3-ijms-17-01009}
--------------------------------------------------------------

It is thought that the above-described tumor-induced MSPC-mediated recruitment of various immune cells and modulation towards an anti-inflammatory, immunosuppressive environment also occurs in MDS and AML, fostering immune escape of the dysplastic/leukemic clone in general, and of NSCs in particular. As discussed above, MSPCs can be reprogrammed by the MDS/AML clone, which can be measured, i.e., by abnormal secretion of various cytokines and other soluble factors. These imbalances may contribute to altered trafficking of immune cells and contribute to the immune evasive capacities of MDS/AML-MSPCs \[[@B33-ijms-17-01009],[@B79-ijms-17-01009]\].

Lower (absent) expression levels of co-stimulatory molecules (CD40, CD80, CD86) on MSPCs of patients with MDS or AML \[[@B483-ijms-17-01009]\] and higher levels of immunosuppressive cytokines (TGFβ, IL6, HGF) may explain the altered immunosuppressive capacity of MDS/AML-MSPCs \[[@B483-ijms-17-01009],[@B519-ijms-17-01009]\]. This may include suppression of T-cells and DCs, and concomitant recruitment, retention, activation, and differentiation induction of immunosuppressive cell types such as Tregs, MDSCs, and Type-2-Φ ([Figure 4](#ijms-17-01009-f004){ref-type="fig"}). It is worth noting that the immunosuppressive capacity of MSPCs seems impaired in (low-risk) MDS \[[@B483-ijms-17-01009],[@B520-ijms-17-01009],[@B521-ijms-17-01009]\], and is significantly lower in low-risk MDS than in high-risk MDS \[[@B79-ijms-17-01009],[@B519-ijms-17-01009]\], which is in line with the increased Treg number and activity in high-risk MDS \[[@B265-ijms-17-01009]\], and a continuous immune subversion occurring during disease progression from low-risk MDS to high-risk MDS to AML, as discussed above.

MSPCs obtained from patients with MDS have been shown to secrete the strongly immunosuppressive enzyme IDO \[[@B509-ijms-17-01009]\]. Co-culturing of MDS-MSPCs with healthy DCs in vitro resulted in inhibition of DC differentiation and maturation from monocytes, reduced expression of T-cell co-stimulatory molecules (CD80, CD83, CD86), and inhibition of T-cell proliferation ([Figure 4](#ijms-17-01009-f004){ref-type="fig"}) \[[@B519-ijms-17-01009]\].

In addition, IDO can also be produced by AML blasts as an immune subversion strategy ([Figure 4](#ijms-17-01009-f004){ref-type="fig"}) \[[@B522-ijms-17-01009],[@B523-ijms-17-01009]\]. IDO expressed by primary human AML samples results in induction of Treg differentiation, as well as impaired maturation of DCs and reduced naïve T-cell proliferation \[[@B524-ijms-17-01009],[@B525-ijms-17-01009]\], and has been shown to be critically involved in AML-induced immune tolerance in vitro \[[@B523-ijms-17-01009]\]. Constitutive over-expression of IDO has been observed in AML blast cells and patient sera \[[@B522-ijms-17-01009],[@B523-ijms-17-01009],[@B526-ijms-17-01009]\], correlates with increased levels of circulating Tregs in patients with AML at initial diagnosis \[[@B524-ijms-17-01009]\], and has been linked with poor clinical outcome (decreased relapse-free and overall survival) in patients with AML \[[@B527-ijms-17-01009]\]. Elevated levels of IDO metabolites have also been observed in MDS patients, and correlated with cytopenias in these patients \[[@B528-ijms-17-01009]\]. In vitro experiments suggest that tryptophan catabolites contribute to cytopenias via significant inhibition of HSPC expansion \[[@B528-ijms-17-01009]\], and possibly also via inhibition of erythropoietin production \[[@B26-ijms-17-01009]\].

7.4. MSPCs: Immunosuppressive Licensing {#sec7dot4-ijms-17-01009}
---------------------------------------

MSPCs adapt their immunoregulatory properties to their local microenvironment. The immunosuppressive capacity of human MSPCs is not intrinsic, but requires activation or "licensing" from an inflammatory microenvironment by inflammatory factors (such as IFNγ, TNFα, IL1α/β, and/or IL17) and is also dependent on bidirectional interactions with immune cells mediated by direct cell contact \[[@B399-ijms-17-01009],[@B443-ijms-17-01009],[@B529-ijms-17-01009],[@B530-ijms-17-01009],[@B531-ijms-17-01009],[@B532-ijms-17-01009]\]. A pro-inflammatory microenvironment, in particular pro-inflammatory cytokines, seems to direct MSPCs to the target site \[[@B533-ijms-17-01009]\] and promote the up-regulation of anti-inflammatory molecules such as IDO \[[@B532-ijms-17-01009]\], as well as the cell surface expression of adhesion molecules on MSPCs that allows their close interaction with immune cells, contributing to increased efficiency of paracrine mediators with immunosuppressive function produced by MSPCs \[[@B470-ijms-17-01009]\]. Some pro-inflammatory factors (e.g., IL6) may also be up-regulated under inflammatory licensing conditions but are far outweighed by the immunosuppressive effects of MSPCs \[[@B396-ijms-17-01009]\]. The interplay of various complex stimuli involved in the intricate balance of MSPC licensing has been concisely reviewed by Krampera \[[@B534-ijms-17-01009]\].

7.5. MSPCs: TLR Signaling Balances Immunosuppressive versus Pro-Inflammatory Licensing {#sec7dot5-ijms-17-01009}
--------------------------------------------------------------------------------------

The notion that MSPCs can only be licensed towards an immunosuppressive phenotype was challenged by Waterman et al. \[[@B535-ijms-17-01009]\]. They describe that MSPCs can be polarized or "licensed" towards either a pro-inflammatory (Type-1 MSPCs) or an anti-inflammatory (Type-2 MSPCs) phenotype, depending on the type of activated TLR, ligand concentration, timing, and kinetics of activation \[[@B487-ijms-17-01009],[@B535-ijms-17-01009]\]. Signaling via TLRs and acute IFNα/γ and TNFα production are critically involved in sensing the increased demand for myeloid cells in "danger situations" such as infections, where "emergency myelopoiesis" is required. Chronic excessive IFN and TNF production, however, results in HSC exhaustion (reviewed in \[[@B16-ijms-17-01009]\]). Human BM-derived MSPCs express high levels of functionally active TLR3 and TLR4 \[[@B536-ijms-17-01009]\]. *TLR4*-priming polarizes towards pro-inflammatory Type-1 MSPCs with the capacity to present antigens, release pro-inflammatory cytokines and chemokines capable of recruiting other inflammatory immune cells \[[@B487-ijms-17-01009]\], and activate B-cells \[[@B537-ijms-17-01009]\] and T-cells in vitro \[[@B535-ijms-17-01009]\]. In addition, TLR4 signaling is considered to mediate the capacity of MSPCs to support the proliferation and differentiation of HSCs and HSPCs \[[@B538-ijms-17-01009]\], and may also be involved in MSPC autophagy and phagocytosis \[[@B539-ijms-17-01009],[@B540-ijms-17-01009],[@B541-ijms-17-01009]\]. Interestingly, TLR4 also plays a crucial role in MSPC-mediated inhibition of NKC function \[[@B542-ijms-17-01009]\]. In contrast, TLR3 priming polarizes towards anti-inflammatory Type-2 MSPCs with the capacity to inhibit lymphocyte proliferation in vitro (via up-regulation of anti-inflammatory IL4, IDO, or PGE2) \[[@B535-ijms-17-01009]\]. In line with most of the above, Type-1 MSPCs attenuate, whereas Type-2 MSPCs promote, tumor growth \[[@B543-ijms-17-01009]\], and these paracrine effects may be mediated by MSPC-secreted exosomes \[[@B544-ijms-17-01009]\].

MSPCs have been shown to gain the capacity to process and present exogenous antigens via both MHC-I and MHC-II in certain inflammatory microenvironments (e.g., during a narrow window of low levels of IFNγ, before IFNγ levels are increased, and at low MSPC cell density), and can thus induce adaptive CD4^+^ and CD8^+^ T-cell responses, respectively \[[@B401-ijms-17-01009],[@B489-ijms-17-01009],[@B545-ijms-17-01009],[@B546-ijms-17-01009],[@B547-ijms-17-01009]\]. They have thus been termed "conditional antigen-presenting cells" \[[@B545-ijms-17-01009]\]. This may be in line with Waterman's proposed licensing towards Type-1 MSPCs \[[@B535-ijms-17-01009],[@B543-ijms-17-01009]\]. Furthermore, priming of human MSPCs with inflammatory cytokines has been shown to force MSPCs to acquire IDO-mediated efficient antimicrobial activities against pathogens including bacteria, viruses, and protozoan parasites \[[@B468-ijms-17-01009]\]. Therefore, under certain microenvironmental conditions, MSPCs might be envisioned to enhance immune cell activity, and even result in the induction of a tumor-antigen-specific immune response, but this topic will not be reviewed here.

However, contradictory in vitro results with human BM-MSPCs exist, claiming that ligation with either TLR3 or TLR4 induces MSPC migration, pro-inflammatory signals and inhibits the capacity of MSPCs to suppress T-cell proliferation by significant down-regulation of Notch ligand Jagged1, but without influencing IDO activity or PGE2 levels \[[@B536-ijms-17-01009],[@B548-ijms-17-01009]\], and yet others have reported that ligation of TLR3 and TLR4 on human BM-MSPCs resulted in enhanced immunosuppression and induction of IDO \[[@B549-ijms-17-01009]\]. Adding to this, in vivo effects reported in mouse models of several diseases seem to be in apparent contradiction to the polarizing process described by Waterman et al. in vitro, and thus the in vivo modulation of MSPCs by TLRs requires further clarification \[[@B550-ijms-17-01009],[@B551-ijms-17-01009]\]. Possibly, it may be time to reassess the Type-1/2 MSPC paradigm, as has recently been done for the M1/M2 macrophage paradigm \[[@B552-ijms-17-01009]\]. These authors believe that macrophages do not form stable stereotype subsets, but respond to a combination of multiple factors in their systemic and local micro-milieu present in vivo, with several pathways interacting and converging to form complex, even mixed, phenotypes \[[@B537-ijms-17-01009]\]. In our opinion, the same may be true for MSPCs, and in order to gain a more dynamic view of these complex processes and to understand the full functional range of differentially activated or "licensed" MSPCs, considerably more information will be required about MSPCs in vivo. In this regard, it has been proposed that BM-MSPCs may represent a fulcrum that initially orchestrates an inflammatory response (to eliminate the target), which is sequentially followed by immunosuppression later on (to preserve host integrity), and that this intricate balance in dichotomous BM-MSPC functions ("plasticity") is linked to TLR signaling and complex immune crosstalk \[[@B553-ijms-17-01009]\]. The plasticity of MSPCs in immune modulation has been reviewed by others \[[@B488-ijms-17-01009]\].

### TLR Signaling in MDS and AML {#sec7dot5dot1-ijms-17-01009}

TLRs encode key innate immune signal initiators and participate in the fine-tuning of the inflammatory immune response as well as in the regulation of hematopoiesis, i.e., via induction of the expression of certain miRNAs \[[@B554-ijms-17-01009]\]. Murine data suggest that TLR signaling regulates both hematopoiesis (by promoting myeloid differentiation) and HSC self-renewal in a cell autonomous fashion \[[@B555-ijms-17-01009],[@B556-ijms-17-01009],[@B557-ijms-17-01009]\]. The participation of the innate immune system and abnormally activated TLR signaling in the pathogenesis of MDS has been well documented and multiple genes known to be regulated by TLRs were found to be over-expressed in MDS \[[@B558-ijms-17-01009]\]. Activated TLR signaling is thought to be involved in the excessive levels of apoptosis and the accompanying cytopenia(s) observed in early-stage MDS. In this regard, *TLR1*, *2*, and *6* expression was recently reported to be higher in CD34^+^ blasts from patients with lower-risk MDS than in higher-risk MDS or controls \[[@B559-ijms-17-01009]\] whereas *TLR2* and *4* expression did not differ between AML patients and healthy volunteers \[[@B560-ijms-17-01009]\]. Increased levels of TLR2 \[[@B559-ijms-17-01009]\] and/or TLR4 \[[@B561-ijms-17-01009]\] were positively correlated with an increased rate of apoptosis, and as proof of principle with TLR2 activation-induced apoptosis in vitro. TLR2 activation has also been implicated in the inhibition of erythropoiesis \[[@B554-ijms-17-01009],[@B558-ijms-17-01009],[@B562-ijms-17-01009]\]. In addition, a recurrent genetic variant of TLR2 resulting in enhanced activation of downstream signaling was found in 11% of MDS patients \[[@B558-ijms-17-01009]\]. Deregulated TLR expression has varied effects on the survival of MDS patients and requires further clarification. For example, higher expression of *TLR2* \[[@B558-ijms-17-01009]\] seemed to correlate with prolonged survival, whereas higher expression of *TLR6* \[[@B558-ijms-17-01009]\], *TLR7* \[[@B554-ijms-17-01009]\], and *MYD88* \[[@B562-ijms-17-01009]\] (a key mediator of TLR signaling) had a tendency to negatively correlate with survival in patients with MDS. Larger patient cohorts are needed to confirm these initial observations. Preliminary in vitro observations indicate that antagonization of aberrant TLR signaling has been proposed as a therapeutic goal in MDS \[[@B554-ijms-17-01009],[@B558-ijms-17-01009],[@B562-ijms-17-01009]\].

In AML, the situation may be the inverse: stimulation of the same receptors, namely TLR2 and 4, resulted in induction of immune escape mechanisms such as up-regulation of *PD-L1*, which protected AML cells from cytotoxic T lymphocyte (CTL)-mediated lysis in vitro \[[@B563-ijms-17-01009]\]. Deregulated TLR signaling has also been implicated as a potential prognostic marker and therapeutic target in AML. In AML, the application of TLR agonists for induction of maturationof blast-derived DCs (for immunotherapy approaches aimed at inducing tumor-specific CTLs) is being assessed in vitro \[[@B563-ijms-17-01009],[@B564-ijms-17-01009],[@B565-ijms-17-01009],[@B566-ijms-17-01009],[@B567-ijms-17-01009],[@B568-ijms-17-01009]\] and has started to enter clinical trials \[[@B569-ijms-17-01009]\]. Recent evidence also implicates direct anti-leukemic effects for TLR8 activation independent of its immunomodulating properties \[[@B570-ijms-17-01009]\].

7.6. MSPCs: Autophagy and Phagocytosis {#sec7dot6-ijms-17-01009}
--------------------------------------

Autophagosomes are present in MSPCs at a level higher than in many differentiated cells, but are arrested in mid-autophagy (i.e., autophagosomes are not fused with lysosomes and are not degraded) while being maintained as multipotent cells, whereas autophagy was activated during differentiation of MSPCs \[[@B571-ijms-17-01009]\]. In addition, autophagy is essential for HSC maintenance \[[@B572-ijms-17-01009]\] and it has been suggested that autophagy may be a hallmark of a SC \[[@B571-ijms-17-01009]\]. The molecular machinery of autophagy orchestrates protective responses to danger stimuli such as cell starvation, infection, autoimmunity, and cancer \[[@B571-ijms-17-01009],[@B573-ijms-17-01009]\]. Apart from organismal development and intimate involvement in the innate immune response, autophagy also participates in tumor suppression \[[@B573-ijms-17-01009]\]. As a consequence, defects in autophagic machinery can cause or contribute to cancer initiation and/or progression \[[@B573-ijms-17-01009],[@B574-ijms-17-01009]\].

Autophagy and phagocytosis mechanistically overlap \[[@B575-ijms-17-01009]\], and TLR(4) signaling is involved in both processes by providing an inductive signal \[[@B539-ijms-17-01009],[@B540-ijms-17-01009],[@B541-ijms-17-01009]\]. It has been reported that MSPCs may have the capacity to phagocytose apoptotic cells \[[@B576-ijms-17-01009]\] but further evidence is lacking.

### Autophagy in MDS and AML {#sec7dot6dot1-ijms-17-01009}

Elegant murine experiments have recently shown that the loss of key autophagy genes *Atg5* or *Atg7* in HSCs or HSPCs leads to a lethal pre-leukemic phenotype in mice, and heterozygous loss of autophagy in a mouse model of AML resulted in more aggressive disease, implicating defects in autophagy in the pathogenesis of MDS and the progression to AML \[[@B572-ijms-17-01009],[@B574-ijms-17-01009],[@B577-ijms-17-01009]\]. It is worth noting that autophagy gene losses are found within chromosomal regions that are commonly deleted in human AML, and reduced expression of autophagy genes was found in human AML blasts \[[@B574-ijms-17-01009]\]. Functionally, aberrant Wnt/β*-*catenin and/or phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt)/mechanistic target of rapamycin signaling, frequently implicated in the pathogenesis of AML, has also been shown to suppress autophagy, resulting in low differentiation ability \[[@B578-ijms-17-01009],[@B579-ijms-17-01009]\]. In fact, functional autophagy may be required to prevent AML progression from MDS \[[@B577-ijms-17-01009]\]. In line with this, several groups have demonstrated that autophagy levels \[[@B580-ijms-17-01009],[@B581-ijms-17-01009]\] or autophagy-associated genes \[[@B582-ijms-17-01009],[@B583-ijms-17-01009]\] were significantly increased in BM mononuclear cells from patients with lower-risk MDS, but not in higher-risk MDS or AML compared with control patients. It has been suggested that autophagy might be considered as a cell protective mechanism in lower-risk MDS, and that defective autophagy in higher-risk MDS might contribute to disease progression \[[@B580-ijms-17-01009]\]. As such, therapeutic induction of autophagy may provide a unique approach to targeting primitive leukemic precursors in MDS \[[@B584-ijms-17-01009],[@B585-ijms-17-01009],[@B586-ijms-17-01009]\] and AML \[[@B587-ijms-17-01009],[@B588-ijms-17-01009],[@B589-ijms-17-01009]\]. In this regard, down-regulation of autophagy-associated genes was shown to be due to promoter hypermethylation in higher-risk MDS and AML, which is potentially targetable with hypomethylating agents. As proof of principle, re-expression of autophagy-associated genes as well as ensuing apoptosis induction has been observed in AML cell lines \[[@B582-ijms-17-01009]\].

8. MSPCs in MDS and AML: Aberrant Function {#sec8-ijms-17-01009}
==========================================

Early disease-initiating events and the cell of origin in MDS and AML remain poorly defined and are an area of intense research efforts. However, the involvement of an altered dysplastic or "leukemic niche" with instructive or at least disease-permissive functions seems evident. MSPCs from patients across all MDS subtypes and AML show aberrant biological properties in most reports ([Table 3](#ijms-17-01009-t003){ref-type="table"}), but conflicting data exist \[[@B590-ijms-17-01009],[@B591-ijms-17-01009]\]. MDS-MSPCs have been shown to be structurally, epigenetically and functionally altered, which leads to impaired stromal support and seems to contribute to deficient hematopoiesis \[[@B592-ijms-17-01009]\]. The plethora of intrinsic functional aberrations include starkly reduced growth, proliferation and differentiation potential, accompanied by premature replicative senescence and impaired supportive capacity for normal hematopoiesis in long-term cell culture assays ([Table 3](#ijms-17-01009-t003){ref-type="table"}).

During disease progression it seems as if MDS-MSPCs acquire or regain proliferative and differentiation potential. In this respect, increased MSPC cell density has been observed in the BM of higher-grade MDS compared with lower-grade MDS and benign hematologic diseases, and was shown to independently correlate with significantly shorter overall survival \[[@B81-ijms-17-01009]\]. In comparison, an overall shift in MSPC differentiation also takes place in AML where an elevated frequency of mature osteoblastic cells, coinciding with significant reduction of primitive MSPC-subsets and lower numbers of fibroblast colony-forming units (CFU-Fs), was observed in humans \[[@B182-ijms-17-01009]\]. It is worth noting that the presence of high numbers of primitive Nestin^+^ MSPCs and CFU-Fs in the BM of AML patients at baseline predicted early relapse after treatment, whereas large numbers of more mature MSPCs or osteoblastic cells were significantly associated with more delayed late relapse \[[@B182-ijms-17-01009]\]. These data indicate that Nestin^+^ MSPCs play a dominant role in maintenance and self-renewal of NSCs responsible for AML relapse.

8.1. Dysplastic/Leukemic Niche: Altered Gene Expression {#sec8dot1-ijms-17-01009}
-------------------------------------------------------

In BM-MSPCs from MDS patients, altered expression levels of several chemokines as well as of gene sets associated with differentiation, fibrosis, adhesion, extracellular matrix remodeling, and key molecules involved in the crosstalk with HSCs and HSPCs, including up-regulation of Notch ligand Jagged1, were reported \[[@B33-ijms-17-01009],[@B279-ijms-17-01009]\]. Primary MDS-MSPCs secrete high levels of TGFβ, which is thought to contribute to reduced supportive capacity for normal HSCs, as well as erythroid impairment \[[@B356-ijms-17-01009],[@B604-ijms-17-01009]\]. The TGFβ pathway is also constitutively activated in CD34^+^ BM precursors of MDS patients \[[@B604-ijms-17-01009]\]. Suppression of TGFβ signaling stimulated hematopoiesis in vitro in BM aspirates of MDS patients, and in vivo in a murine model of BM failure \[[@B604-ijms-17-01009]\].

In AML-MSPCs the situation regarding TGFβ signaling may be inhibited due to the up-regulation of the transcription factor FOS, a known inhibitor of TGFβ signaling \[[@B324-ijms-17-01009]\]. The authors hypothesized that this may represent a (defective) negative feedback loop \[[@B324-ijms-17-01009]\]. In addition, MSPCs isolated from primary human AML BM samples demonstrated significantly reduced MCP1 levels, and a trend towards lower IL6 and granulocyte macrophage colony-stimulating factor levels, consistent with the view that the leukemic BM microenvironment has a diminished capacity to support normal SCs and hematopoiesis \[[@B33-ijms-17-01009],[@B324-ijms-17-01009]\]. Highly specific differences in methylation patterns of genes were found between MSPCs from healthy volunteers and patients with MDS \[[@B33-ijms-17-01009]\] or AML \[[@B592-ijms-17-01009]\], indicating differential activity and function of MSPCs in these diseases.

Existing data needs to be reconfirmed before firm conclusions can be drawn, and it must be noted that MSPCs alter their transcriptome and phenotype depending on culture conditions. Therefore, results obtained in vitro must be regarded with scrutiny.

8.2. NSCs: Bidirectional Crosstalk with MSPCs---"Reprogramming" to Diseased MSPCs {#sec8dot2-ijms-17-01009}
---------------------------------------------------------------------------------

It is commonly accepted that MSPCs are involved in the formation of the supportive structure and safe haven in which MDS/AML blasts reside and proliferate, and are heavily involved in the pathophysiology of MDS and AML. It has very recently been demonstrated that cytokine-mediated crosstalk \[[@B605-ijms-17-01009]\], exosome-mediated protein transfer and RNA trafficking \[[@B606-ijms-17-01009],[@B607-ijms-17-01009],[@B608-ijms-17-01009],[@B609-ijms-17-01009]\], as well as cell-to-cell contact mechanisms \[[@B182-ijms-17-01009]\] between primary AML cells and MSPCs, alter the phenotype, transcriptome, and function of normal MSPCs.

Chemokine release by tumor cells has been shown to attract MSPCs \[[@B610-ijms-17-01009]\]. In this regard, primary AML blasts isolated from patients also exhibit a broad constitutive chemokine release profile in vitro \[[@B611-ijms-17-01009]\], which may attract MSPCs to the leukemic niche. CCL3, for example, is frequently increased in primary human AML samples \[[@B612-ijms-17-01009]\] and murine data suggest involvement in leukemic blast-induced changes in the BM microenvironment \[[@B603-ijms-17-01009]\]. Critical signaling pathways underlying the crosstalk between NSCs and the BM microenvironment have been reviewed elsewhere \[[@B613-ijms-17-01009]\].

Elegant co-culture experiments have shown that conditioned medium from AML cell lines \[[@B592-ijms-17-01009]\] and human MDS cells \[[@B279-ijms-17-01009]\] can "reprogram" healthy human MSPCs to adopt MDS/AML-MSPC-like molecular features. This included profound transcriptional changes, including down-regulation of cell cycle-promoting genes, which is paralleled by prominent up-regulation of cytokine/inflammation-related genes and various crosstalk molecules. This functionally translated into reduced supportive capacity for non-malignant HSCs, and was molecularly reflected by specific methylation signatures \[[@B592-ijms-17-01009]\]. Others have similarly shown that leukemic myeloid cells stimulate MSPCs to alter their gene expression profile, resulting in progressive remodeling of the endosteal BM niche into a disease-permissive leukemic niche with severely compromised ability to maintain normal HSCs, thus favoring and effectively supporting NSCs \[[@B603-ijms-17-01009]\].

Recently, Medyouf et al. succeeded in creating a humanized model of MDS in mice. They showed that co-transplantation of CD34^+^ BM samples from MDS patients with their corresponding in vitro expanded MSPCs (from the same patients) results in sufficient engraftment. They also found that significantly enhanced engraftment rates were produced when autologous MSPCs were used compared to co-transplantation with healthy MSPCs, demonstrating that MDS-MSPCs differ from healthy MSPCs at the functional level in that they specifically support dysplastic cells \[[@B279-ijms-17-01009]\]. Expression of the cell surface protein CD146 (which is involved in adhesion, migration, and mesenchymal differentiation) on CXCL12 co-expressing pericytes seems to be important for the MSPC-aided in vitro propagation \[[@B40-ijms-17-01009],[@B614-ijms-17-01009],[@B615-ijms-17-01009]\] and/or in vivo engraftment of clonal MDS cells \[[@B276-ijms-17-01009]\]. These and other data indicate that dysplastic/leukemic blasts can cleverly cause alterations of MSPCs and force them to adapt to their command, culminating in a microenvironment that is permissive for preferential support of NSCs, i.e., a protective "dysplastic/leukemic niche" \[[@B164-ijms-17-01009],[@B182-ijms-17-01009],[@B300-ijms-17-01009],[@B379-ijms-17-01009],[@B616-ijms-17-01009],[@B617-ijms-17-01009],[@B618-ijms-17-01009]\]. As a consequence, impaired stromal support of normal hematopoiesis results in peripheral cytopenia(s) typically occurring in MDS and AML. These data implicate MSPCs in MDS disease initiation and progression \[[@B296-ijms-17-01009]\]. Several groups concluded that neoplastic blasts seem to have an instructive role on MSPC functionality, and that remodeling of the mesenchymal niche by neoplastic blasts represents an intrinsic self-reinforcing process of leukemogenesis \[[@B279-ijms-17-01009],[@B592-ijms-17-01009],[@B603-ijms-17-01009]\]. Bidirectional crosstalk between NSCs and MSPCs not only provides leukemic blasts with pro-survival benefits \[[@B619-ijms-17-01009]\], but also protects the malignant clone from NKC-mediated lysis \[[@B620-ijms-17-01009]\], promotes quiescence and chemotherapy resistance of NSCs, and may possibly predict clinical post-treatment outcomes in patients with AML \[[@B182-ijms-17-01009]\].

The exact mechanisms underlying the various phases of NSC homing into the niche and the various interactions between NSCs and the niche once these cells have completed the homing process have not yet been elucidated. We do not know if (or by what mechanism) NSCs gain clonal and/or functional dominance over normal HSCs first, before kicking them out of their protective niche and then reprogramming the niche into a "hostel for the hostile", or if, vice versa, NSCs start to boss MSPCs and other niche constituents around "from outside" first, and then enter the niche once it is already transformed to a "leukemic niche".

It is of clinical relevance that the reprogramming of MSPCs by the malignant clone may occur via epigenetic changes, highlighting a trigger that is amenable to therapeutic targeting, and may also explain why hypomethylating agents are effective in delaying disease progression \[[@B296-ijms-17-01009]\]. Initial data that azacitidine may normalize the structure and function of aberrant human HSCs and MSPCs in vitro have been presented, but not yet fully published \[[@B621-ijms-17-01009],[@B622-ijms-17-01009],[@B623-ijms-17-01009]\].

8.3. NSCs: Bidirectional Crosstalk with ECs {#sec8dot3-ijms-17-01009}
-------------------------------------------

As discussed above, alterations in (circulating) ECs of patients with MDS and AML are thought to contribute to disease perpetuation. Human AML cells can also directly attach to and modulate the expansion and activation of ECs (in mice and in vitro), suggesting that ECs and leukemia cells can dramatically impact one another \[[@B125-ijms-17-01009],[@B126-ijms-17-01009],[@B127-ijms-17-01009],[@B128-ijms-17-01009]\]. The critical role of ECs in the BM vascular niche and bidirectional crosstalk between vascular ECs and HSCs (or NSCs) in the dynamic regulation of the niche have been reviewed by Colmone et al. \[[@B624-ijms-17-01009]\]. According to this model, AML cells significantly change the behavior of ECs to produce microenvironments permissive to AML growth, opening new avenues for AML therapy to include agents that prevent EC activation (e.g., anti-TNF-α antibodies, antioxidants, or glucocorticoids), with the aim of reducing NSC adhesion to the protective niche, thereby potentially increasing sensitivity to conventional chemotherapy \[[@B127-ijms-17-01009]\].

8.4. NSCs: Bidirectional Crosstalk with Other Cells {#sec8dot4-ijms-17-01009}
---------------------------------------------------

As mentioned above, human AML cells can also induce transformation of the SC niche (in mice and humans) through sympathetic denervation of BM arterioles, which results in loss of HSC-maintaining pericytic niche cells, and promotes dominance of the neoplastic clone over normal HSCs \[[@B125-ijms-17-01009]\]. In addition, functional abnormalities and alterations in gene expression have also been observed in fibroblasts and macrophages derived from the BM of AML patients \[[@B283-ijms-17-01009]\].

9. MSPCs in MDS and AML: Clone-Derived or Clone-Induced? {#sec9-ijms-17-01009}
========================================================

It remains controversially debated whether MSPCs represent an intrinsically abnormal stromal compartment, or if these cells are derived from the MDS/AML clone \[[@B29-ijms-17-01009],[@B591-ijms-17-01009],[@B596-ijms-17-01009],[@B597-ijms-17-01009],[@B599-ijms-17-01009],[@B625-ijms-17-01009],[@B626-ijms-17-01009],[@B627-ijms-17-01009],[@B628-ijms-17-01009],[@B629-ijms-17-01009],[@B630-ijms-17-01009],[@B631-ijms-17-01009],[@B632-ijms-17-01009],[@B633-ijms-17-01009],[@B634-ijms-17-01009],[@B635-ijms-17-01009],[@B636-ijms-17-01009],[@B637-ijms-17-01009]\]. Neoplastic cells may remain dormant and clinically unapparent for decades. This switch from quiescent dormancy to overt malignancy is thought to be induced by acquisition of (additional) mutations in neoplastic cells and/or the surrounding/supporting stromal cells \[[@B638-ijms-17-01009]\].

Asymmetric aneuploidy has been found to be prevalent in malignant hematologic diseases, but it remains unclear whether these aneuploid MSPC clones represent senescent or transformed cells \[[@B639-ijms-17-01009]\]. MSPCs from patients with acute lymphoblastic leukemia demonstrated leukemia-associated chromosomal translocations in 10 of 10 patients' samples analyzed, with proportions of translocation-positive MSPCs varying from 10% to 54% \[[@B640-ijms-17-01009]\]. Several groups have shown cytogenetic aberrations in MSPCs derived and cultured from patients with MDS \[[@B66-ijms-17-01009],[@B590-ijms-17-01009],[@B593-ijms-17-01009],[@B598-ijms-17-01009]\] or AML \[[@B597-ijms-17-01009],[@B598-ijms-17-01009]\], but these chromosomal lesions were distinct from those found in the MDS/AML clone, and of uncertain pathophysiologic relevance. Thus, MSPCs from MDS and AML patients do not appear to carry the same cytogenetic alterations as the malignant clone, which argues against a common origin of these cells. However, as mentioned above, MSPCs exhibit chromosomal abnormalities in up to 64% of MDS patients and up to 54% of AML patients, suggesting enhanced genetic instability of MSPCs in these diseases \[[@B597-ijms-17-01009],[@B600-ijms-17-01009],[@B601-ijms-17-01009]\]. Alternatively, the earliest cells involved in leukemogenesis did not express any of these lesions, but did acquire them after diversification into hematopoietic and non-hematopoietic sub-clones. The concept of a common origin has recently also been supported by the observation that chromosomal aberrations mirroring those found in the corresponding leukemic blasts (in addition to distinct additional cytogenetic aberrations) were detected in AML-MSPCs in some AML patients \[[@B324-ijms-17-01009]\]. Discrepant findings in the literature regarding the clonality of MSPCs may result from a lack of standardized methods for the screening of chromosomal abnormalities of MSPCs as well as the lack of harmonization of MSPC-purifying strategies, but also from the varying culture periods, different numbers of passages, and different tissue culture media used to grow cells prior to cytogenetic analyses \[[@B324-ijms-17-01009],[@B639-ijms-17-01009],[@B641-ijms-17-01009]\].

Spontaneous formation of hybrids between cancer cells and normal human BM-derived MSPCs has been observed in solid tumors, and they have been advocated as tumor progression mechanisms \[[@B642-ijms-17-01009],[@B643-ijms-17-01009],[@B644-ijms-17-01009]\]. Martin-Padura et al. showed for the first time that spontaneous fusion of human AML cells with macrophages, DCs, and ECs occurs in vivo in mice, resulting in gene transfer with leukemic potential remaining in these hybrid cells \[[@B645-ijms-17-01009]\]. It therefore seems interesting to contemplate the possibility that the formation of hybrids between AML-cells and MSPCs may also be possible, and that this mechanism might explain observed cytogenetic changes in MDS/AML-MSPCs, but this hypothesis remains highly speculative.

Cytogenetic aberrations in MSPCs may therefore be due to several controversially discussed possibilities. In cases where the clonal aberrations are the same as those observed in the MDS/AML clone, MSPCs may be part of the leukemic clone or take up chromosomal material from malignant cells in the form of exosomes or the formation of tumor-cell hybrids. For cases where the clonal aberrations observed in MSPCs are not present in the malignant clone, this might reflect either a generally enhanced chromosomal instability in the patient or involvement of an extremely immature (multipotent) progenitor that had the ability to give rise to both MSPCs and NSCs in the malignant process (in analogy to observations of SC plasticity in chronic myeloid leukemia \[[@B96-ijms-17-01009],[@B101-ijms-17-01009]\]).

10. Malignancy-Inducing Microenvironment? {#sec10-ijms-17-01009}
=========================================

The behavior of tumors and the spectrum of disease is much more diverse in vivo in humans than in vitro, and this is thought to be due to the contribution of the microenvironment in general, and stromal cells in particular \[[@B638-ijms-17-01009]\]. The importance of mutations within tumor stroma has been shown by several groups \[[@B638-ijms-17-01009],[@B646-ijms-17-01009],[@B647-ijms-17-01009],[@B648-ijms-17-01009]\], but it remains controversial whether the malignant clone dictates the aberrant behavior of the stroma, or whether the stroma induces malignancy. Initially it was thought that transformed cells recruit, influence, and direct tumor-stromal cell interactions. Houghton et al. present an alternate view: that stromal cells may initiate (and/or unmask latent) transformation to overt malignancy. They elegantly addressed the question of whether mutated stromal cells can promote tumors by injecting p53-mutated MSPCs into mice with a predisposition to breast cancer (Apc^(Min/+)^). An increased incidence of breast cancer in mice carrying the Apc^(Min/+)^ mutation was observed, whereas p53 mutation-bearing MSPCs could be recovered up to a year later in wild-type mice without affecting their health \[[@B638-ijms-17-01009]\]. Similar observations were made for hematologic neoplasms. Walkley et al. showed that mice with a deficiency in the retinoic acid receptor and deletion of the retinoblastoma gene develop myeloproliferation, even when transplanted with wild-type BM \[[@B649-ijms-17-01009]\], indicating that the disease arose due to alterations in the BM microenvironment (in this case retinoic acid receptor deficiency) \[[@B649-ijms-17-01009]\]. Others have demonstrated that the development of a myeloproliferative disease could be induced by inactivation of Mind Bomb-1, which, as an essential component for Notch ligand endocytosis, resulted in defective Notch activation in the non-hematopoietic microenvironment \[[@B325-ijms-17-01009]\].

In parallel, murine model data emerged, showing how directed mutations of stromal cells can result in myelodysplasia and induction of AML \[[@B23-ijms-17-01009],[@B281-ijms-17-01009]\]. These data demonstrate that genetic alterations in MSPCs can foster the outgrowth of leukemic clones (recently reviewed in \[[@B618-ijms-17-01009]\]). Stromal abnormalities occurring in MDS/AML are thought to contribute to functional alterations and increased cellular apoptosis, resulting in disease progression and a malignancy-inducing/fostering microenvironment. Deletion of *dicer-1* and/or *sbds* (the gene mutated in the human BM-failure and leukemia pre-disposing condition Schwachman-Bodian-Diamond syndrome) in murine osteoprogenitors resulted in disruption of hematopoiesis and induction of myelodysplasia and AML \[[@B281-ijms-17-01009]\]. Osteocyte-specific deletion of a signaling molecule involved in G-CSF secretion resulted in induction of myeloproliferation in mice \[[@B373-ijms-17-01009]\]. Similarly, it was demonstrated that activating *β-catenin* mutations in mouse osteoblasts, resulting in enhanced expression of the Notch-ligand Jagged1, induced AML in mice \[[@B23-ijms-17-01009]\]. In this regard, abnormal activation of the Notch signaling pathway was recently demonstrated in primary human BM-MSPCs from patients with MDS \[[@B20-ijms-17-01009],[@B30-ijms-17-01009]\]. Elegant murine xenograft experiments have demonstrated that co-injection of human (CD146^+^) BM stromal cells with hematopoietic MDS cells into mice enabled propagation and survival of the MDS clone \[[@B277-ijms-17-01009],[@B279-ijms-17-01009],[@B282-ijms-17-01009]\].

Taken together, the above data strongly indicate that aberrations in the BM microenvironment can be disease-initiating events that transform HSCs and HSPCs into abnormal cells in MDS and AML, a concept that has been developed using murine disease models. Bearing all the inherent limitations of mouse models of human diseases in mind, however, direct transfer of these findings into the human clinical setting remains speculative. Nevertheless, relevant progress has been made in that mouse models of MDS and AML can now be genetically engineered and faithfully recapitulate human disease, and they have recently been acknowledged to be useful research tools \[[@B650-ijms-17-01009]\].

In addition, primary abnormalities of human endothelial progenitor cells were recently shown in patients with low-risk MDS, and co-culture experiments with CD34^+^ cells implicated primary dysfunctions of the vascular niche as important drivers for myelodysplasia \[[@B120-ijms-17-01009]\].

Of interest, HSC aging is epigenetically regulated and has been proposed to produce an environment that is conductive to myeloid malignancies such as MDS and AML (recently reviewed in \[[@B651-ijms-17-01009]\]), which are typically prevalent in the elderly (median age 77 years in real-life cohorts) \[[@B5-ijms-17-01009],[@B652-ijms-17-01009],[@B653-ijms-17-01009]\]. Epigenetic changes in HSC regulation are potentially reversible, and have thus been proposed to be therapeutically targetable, e.g., with hypomethylating agents.

Several groups tentatively concluded that primary stromal dysfunction can contribute to the evolution of secondary neoplastic disease, supporting the concept of niche-induced myelodysplasia and/or leukemia \[[@B20-ijms-17-01009],[@B23-ijms-17-01009],[@B26-ijms-17-01009],[@B30-ijms-17-01009],[@B281-ijms-17-01009],[@B282-ijms-17-01009]\].

11. Conclusions {#sec11-ijms-17-01009}
===============

We have summarized current concepts on the relevance of MSPCs in hematopoiesis in general, and MDS and AML in particular. Although the exact role of these cells in normal BM and in MDS or AML remains uncertain, we believe that these cells may be critically involved in the pathogenesis of MDS and AML. As dual enablers of the SC niche and regulators of immune response, MSPCs have also been purported to "sit at the nexus of cancer SC biology and cancer immunology" \[[@B60-ijms-17-01009]\]. In this sense, the acronym "MSCs" could also be interpreted as "Masters of Survival and Clonality".

As discussed above, there is now evidence of several disease-perpetuating crosstalk interactions between "diseased" or "reprogrammed" MSPCs (and their progeny) and NSCs, ECs, sympathetic nerves, and various immune cells, as well as between NSCs and MSPCs, ECs, macrophages, sympathetic nerves, and various immune cells, respectively. All of these crosstalk pathways culminate in complex multidirectional crosstalk patterns and feedback loops ([Figure 4](#ijms-17-01009-f004){ref-type="fig"}), which are utilized by malignant blasts to create a permissive microenvironment that attenuates normal HSC growth and function, remodels the microenvironment (fibrosis, loss of adrenergic nerves), promotes angiogenesis, facilitates mutagenesis, and enables immune escape, ultimately promoting disease progression. Thus, several tiles have been added to the complex mosaic of MDS/AML pathogenesis, showing that primary defects of MSPCs, endothelial progenitors, osteoprogenitors, and osteoblasts can be drivers of MDS and/or AML. Dysplastic and leukemic blasts can cause alterations of MSPCs, and force them to adapt to their command, culminating in a "reprogrammed" microenvironment that is permissive for preferential support of NSCs.

In the last few years, as immunological knowledge and more detailed knowledge of the composition and function of the SC niche in health and disease are increasing exponentially, acceptance has dawned that the ultimate goal of a cure in MDS and AML, with eradication of persistent and drug-resistant NSCs, will very likely not be achieved through selective targeting of the dysplastic/leukemic clone (alone). Rather, a "three-pronged approach" of combined targeting of (a) the malignant clone itself; (b) immune cells, with the aim of inducting or resurrecting an adequate antitumor immune response; and (c) the surrounding microenvironmental protective niche to render it less hospitable to malignant cells and more amenable to normal HSCs will be needed. With regard to the latter, niche displacement of human NSCs via cytokine-induced mobilization of established leukemia from the BM has been shown to allow their replacement with healthy HSPCs (in mice) \[[@B299-ijms-17-01009]\]. Targeting of the BM microenvironment in general \[[@B182-ijms-17-01009],[@B654-ijms-17-01009],[@B655-ijms-17-01009]\], and of MSPCs as trailblazing constituents of the dysplastic/leukemic niche in particular, is an extremely relevant topic. A number of promising agents that target the interactions of the MDS/AML clone with MSPCs are currently in various phases of clinical testing (e.g., hypomethylating agents, lenalidomide, TGFβ-superfamily ligand traps, and adoptive MSPC transfer--based approaches). The detailed discussion of this interesting topic is, however, beyond the scope of this review and will be discussed elsewhere. Furthermore, the crucial role of peripheral innervation and neural signaling in regulating hematopoietic hemostasis has only recently emerged, and therapeutic strategies to target this previously unrecognized stromal constituent will likely emerge \[[@B656-ijms-17-01009]\].

The interesting concept that quantitative and qualitative BM stroma composition may be exploited as a potential clinical biomarker to predict response or relapse should be further evaluated in clinical trial settings. If this proves true, individual microenvironment composition at initial diagnosis and also during or after therapy may well guide therapeutic planning and open a new horizon of personalized medicine in the future.

As our understanding of the cellular composition of the normal, dysplastic, and leukemic niches and the complex interactions between these cells is constantly evolving, conclusions drawn from the current data landscape may need to be built upon and/or adapted in the coming years.
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![Presumed ontogenetic origin of mesenchymal stem and progenitor cells (MSPCs). MSPCs are a heterogeneous mixture of subpopulations, which may derive from differing developmental origins. (**A**) Model for mesoderm origin of MSPCs. Blood vessel-derived myoendothelial precursor cells may give rise to bone marrow (BM) precursor myofibroblasts as well as precursor (proto) endothelial cells (ECs), which can shift between a quiescent endothelial and a proliferative migratory phenotype. The latter may (trans)differentiate into BM-MSPCs via endothelial-to-mesenchymal transition (EndoMT) either directly, or indirectly via BM (myo)fibroblasts. MSPCs also stabilize and deliver pro-survival and maturation signals to ECs. MSPCs give rise to three mesodermal lineages in vitro, namely chondroblasts, osteoblasts, and adipocytes. The latter two derive from CXCL12^+^ abundant reticular (CAR) cells with bi-lineage (adipo-osteogenic) potential. Myelodysplastic syndromes/acute myeloid leukemia neoplastic stem cells (NSCs) interact with and modulate MPSCs, as well as both migratory-activated and adherent quiescent ECs; (**B**) Model for neuro-ectoderm origin of MSPCs. Neural crest-derived stem cells (NCSCs) are thought to give rise to (i) peripheral glial cells (a process which may be reversible as indicated by dotted arrows); (ii) endoneural (myo)fibroblasts either directly or indirectly via development from (iii) pericyte progenitors/pericytes (in the brain and the central nervous system), all of which can give rise to MSPCs (a process which may be reversible as indicated by dotted arrows). Possibly pericytes may also develop from adventitial cells. Solid arrows represent differentiation pathways. The dotted arrows represent differentiation pathways as presumed from indicative evidence, and for which further proof is needed.](ijms-17-01009-g001){#ijms-17-01009-f001}

![Current stem cell (SC) niche concepts. (**A**) Endosteal (osteoblastic) niche. Hematopoietic stem cell (HSCs) adhere to spindle-shaped N-cadherin^+^ osteoblastic cells. The endosteal niche is thought to promote HSC quiescence. Osteolineage cells provide a specialized niche for early lymphoid progenitors (not shown); (**B**) Sinusoidal (reticular/megakaryocytic) niche. The majority of HSCs are associated with sinusoidal endothelium and/or megakaryocytes, which in turn are intimately associated with sinusoidal endothelium. Leptin-receptor^+^ cells and CXCL12 abundant reticular (CAR) cells are predominantly located in sinusoidal niches and are in close contact with endothelial cells (ECs); (**C**) Arteriolar (perivascular) niche. CD146^+^ pericytes and Leptin-receptor^+^ perivascular stromal cells are the predominant mesenchymal stem and progenitor cell (MSPC) components of the arteriolar niche. Sympathetic nerves are part of the bone marrow (BM) SC niches and are critically involved in the circadian regulation of (i) the secretion of CXCL12 by MSPCs; (ii) HSC adhesion to the SC niche; as well as (iii) osteogenic differentiation. Adrenergic signals and BM neuropathy may also promote leukemic infiltration and disease progression.](ijms-17-01009-g002){#ijms-17-01009-f002}

![Multidirectional microenvironmental crosstalk in myelodysplastic syndromes (MDS) and acute myeloid leukemia (AML). MDS/AML neoplastic stem cells (NSCs) engage in multidirectional, reciprocal crosstalk with macrophages, fibroblasts, endothelial cells (ECs), sympathetic neurons, and mesenchymal stem and progenitor cells. This creates an environment with impaired stromal support of normal hematopoiesis and preferential stromal and stem cell niche support for NSCs, i.e., a "dysplastic/leukemic niche", which also provides protection from cytotoxic effects of chemotherapeutic agents. In addition, interaction of NSCs with immune cells results in immunosuppression which fosters immune escape of the clone.](ijms-17-01009-g003){#ijms-17-01009-f003}

![Mechanisms of mesenchymal stem and progenitor cells (MSPC)-mediated immune suppression and evasion. Early-stage myelodysplastic syndromes (MDS) are associated with a state of inflammation. The inflammatory bone marrow (BM) microenvironment is believed to recruit proinflammatory Type-1 MSPCs and license them to adopt a Type-2 immunosuppressing and tumor-promoting phenotype. Together with the leukemic clone, tumor-educated Type-2 MSPCs recruit additional immunosuppressive cells, and suppress those immune cells capable of targeting the leukemic clone, resulting in a strongly immunosuppressive environment, enabling tumor immune escape and disease progression.](ijms-17-01009-g004){#ijms-17-01009-f004}

ijms-17-01009-t001_Table 1

###### 

Cellular components of the BM microenvironment \[[@B31-ijms-17-01009],[@B60-ijms-17-01009],[@B155-ijms-17-01009],[@B218-ijms-17-01009],[@B219-ijms-17-01009],[@B220-ijms-17-01009],[@B221-ijms-17-01009],[@B222-ijms-17-01009],[@B223-ijms-17-01009],[@B224-ijms-17-01009],[@B225-ijms-17-01009],[@B226-ijms-17-01009],[@B227-ijms-17-01009],[@B228-ijms-17-01009],[@B229-ijms-17-01009],[@B230-ijms-17-01009],[@B231-ijms-17-01009],[@B232-ijms-17-01009],[@B233-ijms-17-01009],[@B234-ijms-17-01009],[@B235-ijms-17-01009],[@B236-ijms-17-01009],[@B237-ijms-17-01009],[@B240-ijms-17-01009],[@B241-ijms-17-01009],[@B242-ijms-17-01009],[@B243-ijms-17-01009]\].

  Grouping A                         Grouping B
  ---------------------------------- ---------------------------------------
  **Stromal Cells**                  **Niche Cells**
  **Mesenchymal stem cells**         **Mesenchymal stem cells**
  **Fibroblasts**                    **Endothelial cells**
  **Endothelial cells**              **Osteoblastic cells**
  **Adipocytes**                     **Sympathetic neurons**
  **Tissue macrophages**             Non-myelinating Schwann cells
  Osteoclasts                        **Perivascular stromal cells**
  Bone marrow macrophages            CXCL12-abundant reticular cells
                                     Nestin^+^ perivascular cells
                                     Leptin-receptor^+^ perivascular cells
  **Accessory Cells**                **Niche Accessory Cells**
  **Myeloid regulatory cells**       **Adipocytes**
  Circulating macrophages            **Osteoclastic cells**
  Dendritic cells                    **Bone marrow macrophages**
  Myeloid-derived suppressor cells   **T-regulatory cells**
  **Lymphoid regulatory cells**      **Megakaryocytes**
  T-regulatory cells                 
  Natural killer cells               
  B-cells                            

ijms-17-01009-t002_Table 2

###### 

MSPC-mediated modulation of the immune response.

  ----------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **MSPCs Suppress Inflammatory Immune Cell Subsets**                                                                                                         **References**
  CD4*^+^* and CD8^+^ T-cell proliferation and activation                                                                                                     \[[@B403-ijms-17-01009],[@B404-ijms-17-01009],[@B405-ijms-17-01009],[@B406-ijms-17-01009],[@B407-ijms-17-01009],[@B408-ijms-17-01009],[@B409-ijms-17-01009]\]
  Th1 and Th17 conversion                                                                                                                                     \[[@B410-ijms-17-01009],[@B411-ijms-17-01009],[@B412-ijms-17-01009],[@B413-ijms-17-01009]\]
  γδ T-cell proliferation and possibly cytotoxicity                                                                                                           \[[@B344-ijms-17-01009],[@B414-ijms-17-01009],[@B415-ijms-17-01009],[@B416-ijms-17-01009]\]
  NKT cell proliferation                                                                                                                                      \[[@B416-ijms-17-01009]\]
  NKC proliferation, cytokine production and cytotoxicity, and decreased expression of activating receptors                                                   \[[@B408-ijms-17-01009],[@B417-ijms-17-01009],[@B418-ijms-17-01009],[@B419-ijms-17-01009],[@B420-ijms-17-01009]\]
  DC maturation, proliferation, differentiation, and pro-inflammatory function, and/or antigen-presenting capacity, with ensuing inability to prime T-cells   \[[@B421-ijms-17-01009],[@B422-ijms-17-01009],[@B423-ijms-17-01009],[@B424-ijms-17-01009],[@B425-ijms-17-01009],[@B426-ijms-17-01009],[@B427-ijms-17-01009],[@B428-ijms-17-01009]\]
  B-cell proliferation, differentiation, and function (in part through the modulation of T-cell help by MSPCs)                                                \[[@B408-ijms-17-01009],[@B413-ijms-17-01009],[@B429-ijms-17-01009],[@B430-ijms-17-01009],[@B431-ijms-17-01009],[@B432-ijms-17-01009],[@B433-ijms-17-01009],[@B434-ijms-17-01009]\]
  Plasma cell formation                                                                                                                                       \[[@B413-ijms-17-01009],[@B433-ijms-17-01009],[@B435-ijms-17-01009]\]
  Inflammatory potential of activated neutrophils                                                                                                             \[[@B436-ijms-17-01009]\]
  **MSPCs Favor Immunosuppressive Regulatory Cell Subsets**                                                                                                   
  CD4^+^ Tregs                                                                                                                                                \[[@B410-ijms-17-01009],[@B418-ijms-17-01009],[@B437-ijms-17-01009],[@B438-ijms-17-01009],[@B439-ijms-17-01009],[@B440-ijms-17-01009],[@B441-ijms-17-01009],[@B442-ijms-17-01009],[@B443-ijms-17-01009],[@B444-ijms-17-01009],[@B445-ijms-17-01009]\]
  CD8^+^ Tregs                                                                                                                                                \[[@B444-ijms-17-01009],[@B446-ijms-17-01009]\]
  Invariant NK regulatory cells (NKregs)                                                                                                                      \[[@B180-ijms-17-01009],[@B416-ijms-17-01009]\]
  Regulatory DCs (DCregs) with T-cell suppressive properties, induction of T-cell anergy, and the capacity to induce Tregs                                    \[[@B388-ijms-17-01009],[@B447-ijms-17-01009],[@B448-ijms-17-01009],[@B449-ijms-17-01009]\]
  Polarization of macrophages towards the anti-inflammatory M2-phenotype with T-cell-suppressive properties                                                   \[[@B413-ijms-17-01009],[@B422-ijms-17-01009],[@B450-ijms-17-01009],[@B451-ijms-17-01009],[@B452-ijms-17-01009],[@B453-ijms-17-01009],[@B454-ijms-17-01009]\]
  Regulatory antigen-presenting cells (APCregs) with T-cell-suppressive properties                                                                            \[[@B455-ijms-17-01009],[@B456-ijms-17-01009]\]
  MDSCs                                                                                                                                                       \[[@B457-ijms-17-01009],[@B458-ijms-17-01009]\]
  B regulatory cells                                                                                                                                          \[[@B433-ijms-17-01009],[@B435-ijms-17-01009],[@B459-ijms-17-01009],[@B460-ijms-17-01009]\]
  ----------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

ijms-17-01009-t003_Table 3

###### 

Human MSPC alterations in MDS and AML.

  Human MSPC/Stromal Cell Alterations                                                                                                                                                                    Disease    References
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ ---------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Impaired proliferative and clonogenic potential in cell passages, growth and differentiation defects, altered morphology, disrupted clonal architecture (less CFU, less cobble-stone area formation)   MDS, AML   \[[@B20-ijms-17-01009],[@B25-ijms-17-01009],[@B26-ijms-17-01009],[@B30-ijms-17-01009],[@B33-ijms-17-01009],[@B66-ijms-17-01009],[@B68-ijms-17-01009],[@B274-ijms-17-01009],[@B279-ijms-17-01009],[@B592-ijms-17-01009],[@B593-ijms-17-01009],[@B594-ijms-17-01009],[@B595-ijms-17-01009]\]
  Higher apoptotic index                                                                                                                                                                                 MDS        \[[@B32-ijms-17-01009]\]
  Increased senescence                                                                                                                                                                                   MDS        \[[@B468-ijms-17-01009]\]
  Increased density of primitive MSPCs (CD271^+^ or Nestin^+^)                                                                                                                                           MDS, AML   \[[@B81-ijms-17-01009],[@B182-ijms-17-01009]\]
  Reduced support for HSCs and/or hematopoiesis                                                                                                                                                          MDS, AML   \[[@B25-ijms-17-01009],[@B33-ijms-17-01009],[@B34-ijms-17-01009],[@B35-ijms-17-01009],[@B80-ijms-17-01009],[@B274-ijms-17-01009],[@B592-ijms-17-01009]\]
  Chromosomal abnormalities                                                                                                                                                                              MDS, AML   \[[@B66-ijms-17-01009],[@B324-ijms-17-01009],[@B593-ijms-17-01009],[@B596-ijms-17-01009],[@B597-ijms-17-01009],[@B598-ijms-17-01009],[@B599-ijms-17-01009],[@B600-ijms-17-01009],[@B601-ijms-17-01009],[@B602-ijms-17-01009]\]
  Epigenetic changes (altered methylation profile)                                                                                                                                                       MDS        \[[@B33-ijms-17-01009]\]
  Altered adhesion molecule profiles                                                                                                                                                                     MDS        \[[@B68-ijms-17-01009],[@B274-ijms-17-01009]\]
  Altered levels of cytokine or chemokine production                                                                                                                                                     MDS, AML   \[[@B32-ijms-17-01009],[@B33-ijms-17-01009],[@B274-ijms-17-01009],[@B324-ijms-17-01009],[@B592-ijms-17-01009],[@B603-ijms-17-01009]\]
  Deregulated signaling (Wnt/β-catenin, Notch/Jagged1, KIT/SCF, senescence-associated CDKN1A/2A/2B)                                                                                                      MDS, AML   \[[@B26-ijms-17-01009],[@B30-ijms-17-01009],[@B31-ijms-17-01009],[@B33-ijms-17-01009],[@B332-ijms-17-01009]\]
  DNA methylation changes                                                                                                                                                                                MDS, AML   \[[@B33-ijms-17-01009],[@B592-ijms-17-01009]\]
